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ABSTRACT 
The role of symbiotic bacteria in the evolution of ant herbivory 
Yi Hu 
Advisor: Jacob A. Russell, PhD 
 
 Ants are one of the world’s most dominant and diverse animal groups with nearly 
unrivaled biomass. It has been long argued that one key to their evolutionary success 
has been their use of liquid diets, and several major taxa have been shown to rely 
heavily on exudates from plants or insects. As stable isotope analyses suggest that 
many ants from tropical rainforest canopies exhibit trophic overlap with herbivorous 
insects, it has been argued that these ants’ diets may largely consist of nitrogen-poor 
exudates. These findings led researchers to hypothesize that “herbivorous” ants rely 
on the contributions of nutritional bacterial symbionts to overcome the suspected low 
quality of their diets. In order to test this hypothesis, I first examined whether 
herbivorous ants have a great degree of bacterial community stability. Through 
comprehensively characterizing the complex symbiotic gut communities of the 
herbivorous ant Cephalotes varians across individuals, colonies and geographic 
regions, I found that C. varians bacterial communities were dominated by 16 core 
species which hailed from ant-specific clades containing relatives from other 
Cephalotes species. In spite of this stability, the relative abundance and genotypic 
composition of C. varians core species varied across colonies, suggesting symbiotic 
variability as a potential source of heritable, adaptive variation. I further applied both 
experimental and metagenomic approaches to assess symbiont-mediated roles in 
nitrogen provisioning for Cephalotes varians. Experimental measures of nutritional 
xi 
 
 
contributions to nitrogen recycling demonstrated that gut symbionts of C. varians 
incorporate nitrogen from urea into amino acids for their host ants. Metagenomic 
analyses confirmed the symbionts’ contribution to host nutrition through recycling of 
nitrogenous wastes and biosynthesis of amino acids. Unlike obligate 
bacteriocyte-dwelling symbionts, nitrogen provisioning in the Cephalotes system 
involves both essential and non-essential amino acids, with key steps of nitrogen 
metabolic pathways being shared among several extracellular gut symbionts. These 
findings provide the second line evidence for nutritional contributions by symbiotic 
bacteria of herbivorous ants, adding strong support to the hypothesis that symbionts 
have a major role in the success of arboreal ant herbivores. While considerable 
evidence suggests convergent associations between herbivorous ants and particular 
symbiotic microbes, little is known about the mode and timing of microbial shifts in 
the relation to shifts in host diets. To address this question, I focused on Argentine 
ants (Linepithema humile), which have undergone a very recent shift toward reliance 
on sugar-rich and nitrogen-poor honeydew diets. Through comparing the bacterial 
communities between ants from native and introduced populations and examining 
bacterial communities of an introduced population across multiple years in Rice 
Canyon, CA. I found no evidence for a major shift in symbioses in association with 
Argentine ants’ invasion into the southwestern United States and no changes in the 
microbiota during a multi-year period of trophic reduction in Rice Canyon. Combined 
with low bacterial abundance across most Argentine ants, my findings argue against a 
major role for bacteria as drivers of the Argentine ants’ invasive trophic shift. Taken 
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together, the results from this dissertation suggest that bacterial symbionts may not 
have been essential precursors for the shifts to herbivory throughout the history of the 
ants, but instead play an important role in the maintenance and success of ant 
herbivory over broader evolutionary timescales. 
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Chapter 1 Introduction 
 
General introduction 
 It is increasingly recognized that all eukaryotes are engaged in 
associations with internal and external microorganisms. Recent technical and 
analytical developments have allowed biologists to understand the diversity 
and abundance of symbiotic microorganisms, and their roles in hosts’ survival, 
development, reproduction and evolution (Douglas 2009; McFall-Ngai et al. 
2013; Wu et al. 2009). These studies on the interactions between microbes and 
their eukaryotic hosts have blurred the boundaries of the “individual” 
anatomically, physiologically and ecologically (Gilbert et al. 2012). As a result, 
Rosenberg et al. (2007) proposed the hologenome theory of evolution, stating 
that the eukaryote and its associated microorganisms should be considered as a 
“holobiont” and that these partners, together, form an integral unit of natural 
selection. In most cases, the microbial fraction has greater genetic diversity 
and heritable variation between host individuals, populations, or species and 
thus, likely influence host ecology and evolution. (Rosenberg et al. 2007). The 
“holobiont” concept was coined based on studies of symbiosis between corals 
and symbiotic microorganisms (Rosenberg et al. 2007) and since then, the 
hologenome theory has been widely used in other eukaryotes-microbe 
associations. Whether viewed through a more traditional “symbiosis” lens or 
in this holobiont framework, it is inarguable that these eukaryote-microbe 
partnerships have served as key innovations in the evolution and biodiversity 
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of life on the earth (Moran 2006).  
 
Varied microbial diversity within holobionts 
 Broad surveys of microorganisms across many holobionts reveal a large 
variation of microbial diversity (Zilber-Rosenberg & Rosenberg 2008). Indeed, 
highly abundant microbial populations characterize a number of holobiont 
systems, such as humans (Eckburg et al. 2005) and bovine rumen (Edwards et 
al. 2004). In these cases, numbers of microbial cells far outnumber cells of 
their hosts and provide additional genetic material that can facilitate the 
potential of hologenome change. However, most insects have been shown to 
contain much lower microbial diversity in comparison to mammals (Douglas 
2011). The identification of bacterial composition using 16S ribosomal RNA 
reveals that most insects usually harbor less than 20-30 bacterial species (Hu 
et al. 2014; Jing et al. 2014; Robinson et al. 2010), whereas mammals can 
contain over 500-1000 bacterial species (Edwards et al. 2004; 
Rajilic-Stojanovic et al. 2007). The mechanisms underlying this microbial 
diversity difference are not clear. However, it may be partly impacted by the 
unstable niche of insect guts with disturbance by frequent molting during 
larval development (Engel & Moran 2013). In addition, mammals possess 
adaptive immune system which have larger memory capacity to allow 
complex and large microbiota, whereas innate immune system of insects may 
serve to limit interactions with most microbial species (McFall-Ngai 2007).  
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Different symbiotic associations within holobionts 
 Associations between microorganisms and hosts within holobionts range 
from transient in nature to highly specialized interdependent interactions 
(Zilber-Rosenberg & Rosenberg 2008). Transient microbes are often 
ephemerally acquired from food or other environmental sources and destined 
to be digested or excreted outside of hosts. These types of microbes may have 
little influence on the biology of the whole holobiont. For example, gut 
bacteria in wood-eating catfishes are transient and are digested with detritus 
(German 2009).   
 Some symbiotic microbes have specific but more often unpredictable 
associations with their host species. For example, in spite of dynamic gut 
microbiota of Drosophila across diets and locations (Chandler et al. 2011; 
Corby-Harris et al. 2007; Wong et al. 2011), recurrence of certain bacterial 
taxa, such as Acetobacteraceae, in the same species is likely a reflection of 
specific mechanisms evolved by Drosophila to favor their persistence and 
specificity or the direct transmission of these symbiotic bacteria among hosts 
(Crotti et al. 2009).  
 In some cases, symbiotic bacteria represent specialized associates that 
persistently colonize the host species, yielding a core microbiome at a 
compositional or functional level. While a core microbiota has been 
discovered in an array of plants, mammals or fish (Lundberg et al. 2012; 
Roeselers et al. 2011; Turnbaugh et al. 2009a), censuses of core bacterial taxa 
across insects are only in an early stage. For example, honeybees (Apis 
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mellifera) harbor approximately eight core bacterial phylotypes which are 
nearly ubiquitous across colonies and geographic locations (Martinson et al. 
2011; Moran et al. 2012).  
 
Transmission modes of microbial symbionts 
 Holobionts develop numerous strategies to maintain continuing 
associations between hosts and microbial symbionts. These can span 
generations via various routes of transfer, ranging from horizontal acquisition 
from the environment to strictly vertical transmission from the mother 
(Zilber-Rosenberg & Rosenberg 2008). Some horizontally transmitted 
microbes can independently live outside of hosts, with environmentally 
persisting or free-living microbes serving as an inoculum for holobionts. 
Examples of such symbioses have been found for plants and marine 
invertebrates, which can acquire free-living bacteria from soil or ocean water 
(Gros et al. 2003; Harmer et al. 2008; Kikuchi et al. 2007).   
 Vertical transmission contrasts with environmental acquisition, with 
microbial transfer occurring directly between parents and offspring via egg 
smearing, coprophagy, or the deposition of symbiont-containing capsules 
(Bright & Bulgheresi 2010; Fukatsu & Hosokawa 2002; Kikuchi et al. 2009). 
Some holobionts show strictly vertical transmission over ancient timescales, as 
indicated by congruent phylogenies of both host and associated symbionts 
(Moran et al. 2005). For example, some insects transfer symbionts to their 
progeny via egg surface smearing or deposition of symbiont-bearing capsules 
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on eggs (Hosokawa et al. 2006; Kikuchi et al. 2009). Mammals have been 
demonstrated to transfer microbial symbionts via direct contact. Humans, for 
instance, initially acquire many of symbionts from the birth canal of mothers 
and subsequently obtain additional symbiotic microbes from family members 
(Gilbert 2014). Other means exist to passage symbionts between generations, 
helping to guarantee stability of associations and thus coupling the interests of 
hosts and microbes. Social transmission in insects represents one such 
adaptation in termites and bees (Hongoh 2010; Martinson et al. 2012). This 
mechanism is thought to be of key relevance in ants, as well (Cook & 
Davidson 2006). 
 
Beneficial contributions of microbial symbionts to holobionts 
 Microbial symbionts exhibit a range of beneficial functions that increase 
the fitness of the holobiont. When stable means of symbiont acquisition exist, 
this can enable proliferation of beneficial host-microbe combinations via 
natural selection. Roles of microbes can vary, and commonly include digestion 
of complex dietary compounds, nutritional provisioning, resistance against 
pathogens or parasites, detoxification of ingested food material, and impacts 
on host gut development (Douglas 1998; Kikuchi et al. 2012; Koch & 
Schmid-Hempel 2011; Kohler et al. 2012).  
 One of the best studied metabolic functions of microbial symbionts is 
their capacity to break down plant material that could not otherwise be used by 
their hosts. The bovine holobiont, for instance, depends on a large biomass of 
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gut bacteria to convert the cellulose into usable carbon for cow hosts (Hess et 
al. 2011). Similarly, lignocellulose digestion in higher termites is 
accomplished by gut bacteria within specific compartments of the hindgut 
(Kohler et al. 2012; Warnecke et al. 2007). Pollen grains also have a refractory 
structure, which insects need to overcome to obtain interior nutrients 
(Ariizumi & Toriyama 2011). In honey bees, this may be achieved with the aid 
of the gut bacterium Gilliamella apicola, which has been found to encode 
genes involved in pectin degradation, conceivably helping to loosen pollen cell 
walls (Engel et al. 2012). 
 For holobionts living in marginal habitats, microbial symbionts may be 
absolutely necessary to provide energy or essential metabolites that are not 
available or accessible in sufficient quantities for their growth and 
reproduction. In light-poor environments, such as deep sea hydrothermal vents, 
invertebrates have established symbioses with chemoautotrophic bacteria to 
obtain energy though the use of reduced compounds to fuel carbon fixation 
(Girguis & Childress 2006; Petersen et al. 2011).Symbiotic function in 
nitrogen-deficient niches may, alternatively, involve microbial provisioning of 
usable nitrogen that is lacking in soil, water, or host diets. For instance, 
termites and cockroaches rely on their symbiotic bacteria to obtain nitrogen 
through recycling of their own nitrogenous waste products (Hongoh et al. 
2008; Sabree et al. 2009; Thong-On et al. 2012). Similar nutritional symbioses 
have been observed in many blood- and sap-feeding insects feeding on diets 
deficient in many essential amino acids or vitamins (Akman et al. 2002; 
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Douglas 1998). 
 Microbial symbionts can also promote the resistance of holobionts to 
natural enemies, as exemplified across several insects. The resident gut 
microbiota in bumble bees have recently been shown to provide defense 
against the parasite Crithidia bombi, although the protection mechanism is still 
not clear (Koch & Schmid-Hempel 2011). In addition, desert locusts with 
higher abundances of gut bacteria are infected by fewer pathogens, indicating 
protective functions for their insect hosts (Dillon et al. 2005). Similarly, gut 
bacteria of mosquitos mediate defense against invasion of the midgut 
epithelium by protozoan parasites from Plasmodium parasites (Dong et al. 
2009). 
 
Focus on ants: the Ant-symbiont holobionts 
 Ants are possibly the most successful insects on the earth, with an 
estimated 12,500 species exhibiting different life histories and spanning 
multiple trophic levels (Bolton et al. 2006; Hölldobler & Wilson 1990). In 
spite of diversity and abundance of ants, the contributions of microbes to ant 
holobionts are unknown across many groups. Of what we do know, 
interactions between ants and their microbes can vary from obligate nutritional 
supplementation (Feldhaar et al. 2007), to defensive symbioses protecting ants 
(Mattoso et al. 2012), or their food (Currie et al. 1999). In addition, 
associations with facultative heritable symbionts (Russell et al. 2012)and 
predator-enriched bacteria from ant-exclusive clade (Funaro et al. 2011; Kautz 
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et al. 2013b) reveal symbioses with completely unknown implications (Russell 
2012). Indeed the bulk of ant diversity has gone uncharacterized from a 
perspective of microbial symbiosis, meaning that the holobiont concept is 
largely underdeveloped in this important group. 
 Recently, stable isotope analyses suggested that many ants from tropical 
tree canopy habitats fall out at the low end of food chain (Bluthgen et al. 2003; 
Davidson et al. 2003); given extensive behavioral observations on these ants, 
it was hence argued that they derive most of their nutrition from nitrogen-poor 
liquid food sources such as plant sap and honeydew. These findings led 
researchers to hypothesize that these “herbivorous” ants rely on the 
contributions of nutritional symbionts to overcome the suspected low quality 
of their diets (Cook & Davidson 2006; Russell et al. 2009). To date, nutritional 
provisioning by internally housed, symbiotic bacteria has only been seen in 
Carpenter ants (Feldhaar et al. 2007). But broad surveys of ants and their 
bacterial associates have revealed a close association between several lineages 
of herbivorous ants and particular types of their gut bacteria (Russell et al. 
2009; Stoll et al. 2007; van Borm et al. 2002), which often come from fairly 
ancient, ant-specific clades (Anderson et al. 2012; Russell et al. 2009). 
Together, these findings suggest herbivorous ants have evolved with a 
specialized community of nutritional gut symbionts which play roles in the 
origin and maintenance of ant herbivory. 
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Research questions 
 In order to investigate the role of symbiotic bacteria in the evolution of 
herbivorous ant holobionts, I plan to examine these across two ant species, 
including Cephalotes varians and Linepithema humile. First, I have aimed to 
examine whether herbivorous ant have a great degree of community stability. 
In order to investigate bacterial community stability in herbivorous ant, I aim 
to address the following questions: Do herbivorous ants harbor a core gut 
microbiome? Do gut microbiota vary across ant individuals, colonies and 
geographic locations? If so, how and why? In Chapter 2 I comprehensively 
characterize the complex symbiotic gut communities of the herbivorous ant 
Cephalotes varians, with the aim of investigating the core microbiome and 
assessing the variation and plasticity of the core bacterial taxa across 
individuals, colonies and geographic regions. 
 Given prior hypotheses on the potential contributions of microbes toward 
ant nutrition, and the potentially broader implications of such functions, I aim 
to answer the following question in my dissertation: How do gut symbionts 
supplement the diets of herbivorous ants? In Chapter 3 I investigate the 
nutritional contributions of symbiotic bacteria in C. varians. Through 
metagenomics, manipulation of symbiont populations, and isotope labeling 
studies, I specifically assess wether bacteria can recycle and upgrade 
nitrogen—a function that could be of great benefit across a wide range of ant 
hosts with nitrogen-poor diets.  
 While considerable evidence suggests convergent associations between 
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herbivorous ants and particular symbiotic microbes, little is known about the 
mode and timing of microbial shifts in the relation to shifts in host diets. In 
Chapter 4, I ask the question: Do microbial symbionts play crucial roles in 
the early stages of dietary shifts in herbivorous ants? To address this 
question, I focus on Argentine ants (Linepithema humile), which have 
undergone a very recent shift toward reliance on sugar-rich and nitrogen poor 
honeydew diets. I compare the bacterial communities between ants from 
native and introduced populations, while also examining bacterial 
communities of a single introduced population across multiple years in order 
to understand the relative timing of diet versus symbiont shifts.  
 In summary, the aim of my thesis is to understand the diversity and 
functions of gut bacterial communities in herbivorous ants. This work will 
shed light on the roles of symbiotic bacteria in the convergent evolution of 
herbivory across the ants and provide a better understanding of evolutionary 
success of ants in prey-poor rainforest canopies. These habitats in many ways 
represent marginal niches, as prey biomass is arguably insufficient to support 
present ant biomass (Tobin et al. 1995). My work, thus, has bearing on the 
broader implications of ant-bacteria holobiont function, and the impacts of 
microbes on the success and diversification of holobionts within an otherwise 
inhospitable habitat.  
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CHAPTER 2: CORRELATES OF GUT COMMUNITY COMPOSITION 
ACROSS AN ANT SPECIES (CEPHALOTES VARIANS) ELUCIDATE 
CAUSES AND CONSEQUENCES OF SYMBIOTIC VARIABILIGY 
 
Introduction 
 Bacterial symbionts are considered to be key innovations behind the 
evolutionary success and ecological dominance of numerous animals and 
plants (Buchner 1965; Gibson & Hunter 2010; Long 1989; Moran et al. 2008; 
Moya et al. 2008). Among the many animal hosts of influential microbes, 
insects are the most diverse and arguably the best-studied, harboring a large 
number of symbiotic bacteria with roles in nutrition (Akman et al. 2002; 
Douglas 1998; Feldhaar et al. 2007) and protection against natural enemies 
(Jaenike et al. 2010; Kaltenpoth et al. 2005; Oliver et al. 2009; Oliver et al. 
2003). Many studies of symbioses between insects and microbes have focused 
on vertically transmitted endosymbionts, living inside of host cells, tissues, 
and hemolymph. Yet a large number of symbionts exist as members of 
complex bacterial communities within insect guts (Dillon & Dillon 2004), as 
seen for other animals, where they shape nutrition, digestion, and defense 
(Engel et al. 2012; Koch & Schmid-Hempel 2011; Ohkuma 2003). 
 Gut communities can vary across different scales, even within animal 
species harboring fairly stable, core gut bacteria (e.g. Roeselers et al. 2011). 
Such variation is often related to differences in the external or internal 
environment (Behar et al. 2008; Hongoh et al. 2006; Schmitt-Wagner et al. 
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2003) and experimentation confirms that this may be partially due to 
community plasticity. Indeed, shifts in gut microbiota can occur in response to 
changing diet (Kane & Breznak 1991; Turnbaugh et al. 2009b), parasite 
infection (Koch et al. 2012), or host aging (Dillon et al. 2010). Importantly, 
changes in the types and abundance of gut microbiota can have measurable 
consequences (Hosokawa et al. 2007), affecting several physiological 
processes within the guts of insects and other animals (Dillon et al. 2010; 
Santo Domingo et al. 1998; Turnbaugh et al. 2006). Thus, findings of natural 
variation in symbiotic gut communities may indicate important host-level 
differences in bacterially mediated traits. 
 Ants number among the many insects engaging in symbioses with bacteria; 
and in particular, herbivorous ants are hypothesized to depend on the 
contributions of nutritional symbionts due to the suspected low quality of their 
diets (Davidson et al. 2003; Russell et al. 2009). To date, carpenter ants are the 
only such group known to receive nutritional benefits from internally housed 
symbionts (Feldhaar et al. 2007). But other herbivorous ants engage in 
symbioses with large masses of gut bacteria, exhibiting novel gut 
morphologies that have arguably evolved to harbor these microbes (Bution & 
Caetano 2008; Cook & Davidson 2006; Russell et al. 2009; Stoll et al. 2007; 
van Borm et al. 2002). These communities have not generally been studied in 
depth (but see Kautz et al. 2013), but broad explorations of ant-associated 
microbes hint at trophic level and host phylogeny as correlates of gut 
community composition. Furthermore, phylogenetic analyses indicate that ant 
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gut associates often come from ant-specific lineages on 16S rRNA 
phylogenies (Anderson et al. 2012; Russell et al. 2009). Together, these 
findings suggest herbivorous ants have evolved with a specialized coterie of 
nutritional gut symbionts.  
 Proximate impacts of ant diet on gut communities could contribute to the 
correlation between symbiotic composition and trophic level, and explorations 
at the intraspecific host level are needed to test this possibility. But to date few 
studies have explored natural intraspecific variation of symbiotic bacteria from 
ant guts (see Bution et al. 2010 and Lee et al. 2008 for exceptions; see also 
Andersen et al. 2013 for an intraspecific study on cuticular microbiomes). To 
address this, and to therefore elucidate the forces shaping symbioses across 
these all-important insects, I report in this study on natural variation and 
plasticity of gut communities within the turtle ant, Cephalotes varians. 
 The large masses of gut bacteria and the herbivorous and pollen-feeding 
habits of Cephalotes ants (Baroni-Urbani & de Andrade 1997; Bution & 
Caetano 2010a; de Andrade & Baroni-Urbani 1999) make them intriguing 
candidates for such studies. This is especially true in light of similar traits 
across eusocial bees, whose gut bacteria aid in defense and, likely, pollen 
digestion (Engel et al. 2012; Koch & Schmid-Hempel 2011). Further 
motivation for Cephalotes studies comes from the widespread distributions of 
potentially ant-specific gut symbionts across this genus (Russell et al. 2009; 
Sanders et al. 2014), suggestive of long-standing associations. In spite of this 
stability, preliminary findings still hint at the potential for subtle variation in 
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gut communities between C. varians colonies (Anderson et al. 2012), with 
currently unknown causes. And while limited PCR screening and 
sequence-based sampling suggest that core gut taxa in C. varians are stable in 
workers reared on artificial diets (Russell et al. 2009), the employed molecular 
techniques have not been sufficient to rule out the gain or loss of rare bacteria, 
or shifts in the abundance of predominant symbionts. 
 Using 454 amplicon pyrosequencing of the 16S rRNA gene I examined 
variation in adult worker gut communities across nine colonies of C. varians 
from four different islands in the Florida Keys, USA. In addition, I applied 
both 454 pyrosequencing and Terminal Restriction Fragment Length 
Polymorphism (TRFLP) to study plasticity in worker gut communities, 
comparing those from field-caught vs. lab-reared workers and from lab-reared 
worker ants fed on different diets. My results show how and why these 
specialized bacterial communities vary, in spite of notable compositional 
stability across millions of years of Cephalotes evolution. In turn, these 
findings support hypotheses on roles of gut bacteria in the use of a pollen diet 
and on symbiotic variability as a potential source of heritable, adaptive 
variation. 
 
Materials and methods 
Sample collection, rearing conditions, and experimental manipulations 
 All specimens used in this study were collected by authors CSM or YH 
from the Florida Keys, USA. Cephalotes varians ants were obtained from 
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small, hollow twigs of mangrove trees and either preserved in molecular grade 
95-100% ethanol and stored at -80 °C before DNA extraction or kept live for 
lab rearing or dietary manipulation experiments. To enable comparisons 
between ant gut communities and those from the surrounding environment, I 
also collected leaves, bark, lichen, and nest cavity wood samples from the 
mangrove tree housing C. varians colony YH064. Leaves were stored in 
molecular grade 100% ethanol and kept at -80 °C, while the remaining 
samples were stored at -80 °C without ethanol. 
 Bacterial gut communities were examined for four groups of C. varians in 
this study. 1) Field-caught ants: single workers were sampled from seven 
wild-caught colonies across five locations on three different islands (see Table 
S2-1 for details). 2) Standard lab-reared ants: two live colonies of C. varians 
were reared for six months on 50% honey water and holidic artificial diet 
(Straka & Feldhaar 2007) at 25 °C under a daily light:dark cycle of 14:10. 
Fresh diet was provided roughly every two days. 
3) Dietary-manipulation ants (experiment 1): four live colonies of C. 
varians were reared as described above for at least four months before dietary 
manipulation experiments. Individual workers were then divided into four 
groups, feeding on different diets for three weeks. Diets used in this 
experiment were selected, in part, to understand whether varying dietary 
nitrogen could alter gut communities. Specific treatments were: i) a synthetic 
artificial holidic diet containing all amino acids (Straka & Feldhaar 2007); ii) 
the same holidic diet with only non-essential amino acids, but the same total 
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amount of dietary nitrogen; iii) holidic diet without any amino acids; and iv) 
30% sucrose water.  
4) Dietary manipulation ants (experiment 2): these ants were reared in the 
lab for at least four months before experiments, under the conditions described 
above. Ants from the two colonies subjected to this experiment were divided 
into three groups, then reared for two months on three different diets, 
including two mimicking food sources consumed by Cephalotes in nature. 
These were specifically: i) 50% (weight/volume) honey water; ii) a 50:50 
mixture of 50% (w/v) honey water and 50% (w/v) bee pollen solution; iii) a 
50:50 mixture of 50% (w/v) honey water and 50% (w/v) chicken dropping 
solution. The honey water solution was made by dissolving 12.75 ml of honey 
in 37.25 ml of water, whereas the chicken dropping and bee pollen solutions 
were made by homogenizing 3 grams of chicken droppings or ground bee 
pollen (Y.S. Organic Bee Farms, Sheridan, Illinois) in 6 ml of deionized water. 
Pollen grains used in this study likely contained few bacteria, as indicated by 
my repeated failure to PCR amplify bacterial 16S rRNA genes using universal 
primers, in spite of consistent plant COI gene amplification (data not shown). 
Before the two dietary manipulation experiments, I assessed diet 
consumption by C. varians workers reared on 0.1% (w/v) methylene 
blue-labeled versions of these seven diets. Methylene blue was found in the 
majority of mid- and hind-guts from workers two weeks after diet 
administration, confirming consumption and suggesting a time course for gut 
community sampling. 
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Immediately before experiments 1 and 2, two to five individuals were 
collected from each experimental colony and preserved in molecular grade 
100% ethanol and kept at -80 °C for eventual molecular work. Fresh diets 
were then provided to workers every two days for the full experimental 
durations. For the first experiment, three to five ants from each of four 
colonies were preserved at week three, while similar numbers of workers from 
each of two colonies were preserved at one and two months for experiment 2. 
 
DNA extraction 
 Adult C. varians workers were rinsed in 70% ethanol and sterile deionized 
water before dissection. Ant guts were aseptically dissected under a 
microscope using sterile forceps. Between each individual dissection, forceps 
were washed with a 6% bleach solution and then with sterile de-ionized water. 
The dissected mid- and hind- guts were placed into sterile 1.5 mL tubes with 
180 μL enzymatic lysis buffer, then ground with sterile pestles. After grinding, 
the samples were incubated at 37 °C for at least 30 min. Extractions then 
preceded according to the manufacturer's protocol (i.e. Qiagen DNeasy kit, 
protocol for gram-positive bacteria). 
 Prior to DNA extraction from environmental samples, tissue fragments 
from mangrove tree leaves, bark from twigs, wood from an internal C. varians 
nest surface, and lichen living on the mangrove tree branches were placed into 
sterile 1.5 ml tubes. All samples were ground with sterile pestles in liquid 
nitrogen and subsequently homogenized in 1 ml sterile TE buffer (10 mM Tris, 
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1 mM EDTA, pH 8.0) by vortexing for 1 min. Then, 600 μl of the suspension 
was transferred into a new sterile 1.5 ml tube and used for DNA isolation, 
following the protocol used for ants. 
 
Molecular analysis of ants and lichen samples 
 To investigate microbial community composition in light of host genetic 
distances, I amplified a portion of the cytochrome c oxidase subunit I (COI) 
gene from one worker per colony. I also amplified a part of the internal 
transcribed spacer (ITS) rDNA region to identify fungi in the two lichen 
samples (see Table S2-2 for PCR primers, reaction recipes, and cycling 
conditions). PCR products were sequenced by Eurofins MWG Operon 
(Huntsville, AL, USA), and sequence traces were assembled and manually 
edited using CodonCode Aligner v. 4.02 (CodonCode Corporation, Centerville, 
MA). A matrix of uncorrected ant COI distances was generated using the 
mothur (v.1.29.0) software package (Schloss et al. 2009), while BLASTn was 
used to help identify lichen samples. 
 
16S rRNA pyrosequencing 
 Three types of DNA samples were submitted for bacterial tag-encoded 
FLX-titanium amplicon pyrosequencing (bTEFAP) of 16S rRNA amplicons: 1) 
DNA extracted from the guts of individual field-caught worker ants, 2) DNA 
from environmental sources, and 3) normalized and pooled DNA samples 
extracted individually from the guts of three workers at the start of experiment 
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2 and after two months of pollen feeding. Amplicon pyrosequencing 
(performed by Research and Testing Laboratory; Lubbock, TX) targeted the 
V1-V3 variable regions of the 16S rRNA gene, which were amplified with 
primers Gray28F (5′GAGTTTGATCNTGGCTCAG) and Gray519R 
(5′GTNTTACNGCGGCKGCTG). 
 A total of 233,020 raw sequences from 38 single worker gut samples, four 
pooled gut samples, and eight environmental samples were initially analyzed 
using mothur (v.1.29.0). The raw sequences were denoised by mothur's 
implementation of PyroNoise with a default of 450 flows. The remaining 
169,974 sequences were trimmed to a minimum length of 200 bp with default 
parameters in mothur. To speed up the downstream analysis, 18,776 unique 
sequences were identified and subsequently aligned against the Silva database 
in mothur. I removed any sequences that did not cover positions 1044 to 6424 
of the full-length SILVA-alignment (V1-V3 hypervariable region of the 16S 
rRNA gene) and trimmed sequences so that all nucleotides used in my 
analyses were contained within this region. My alignment was then filtered by 
removing all nucleotide positions without sequence data.  
Since trimming created new duplicate sequences, identical sequences 
were removed again, leaving 12,774 unique sequences. Chimeric sequences 
were removed after detection with mothur's implementation of UCHIME 
(Edgar et al. 2011), which used each library as the reference set. The 
remaining sequences were classified using the Ribosomal Database Project's 
rdp9 reference set (Cole et al. 2009) with a threshold of 80% bootstrap 
20 
 
 
confidence. Based on these results I removed all chloroplast sequences.  
Operational taxonomic units (OTUs) were identified at 97% sequence 
similarity using the nearest neighbor option. However, I noticed that 
misaligned sequences in the data matrix seemed to inflate OTU number. At 
this stage, singletons (i.e. OTUs with only one read in the entire dataset) were 
removed from the alignment. The remaining representative sequences were 
then manually adjusted to establish a quality alignment (Supporting File 2-1). 
Finally, this realigned dataset was used for new OTU clustering at 97% 
sequence similarity.  
Using this dataset, I produced a table of non-chimeric OTUs, containing 
information on abundance and taxonomy of bacteria from all samples in my 
study. This table was converted to a biom-format OTU table in QIIME (1.6.0) 
(Caporaso et al. 2010). It was then utilized for subsequent QIIME-based 
analyses. 
 
Taxon-specific bacterial phylogenetics 
 One trimmed representative sequence (180-250 bp) from each 
ant-associated OTU was added to an appropriate taxon-specific alignment. 
Using a manual approach, these 16S rRNA sequences were aligned to 
previously generated alignments (Anderson et al. 2012) using MacClade v4.06 
(Maddison & Maddison 2003). Datasets consisted of one alignment each from 
the Alphaproteobacteria, Bacteroidetes, Burkholderiales, 
Epsilonproteobacteria, Gammaproteobacteria, and Opitutales. An additional 
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alignment was generated using the MUSCLE algorithm in SeaView (Edgar 
2004; Gouy et al. 2010) for all OTUs falling outside of these groups, along 
with their closest relatives identified in BLASTn searches. Each alignment 
was uploaded to the CIPRES web portal (Miller et al. 2010) for maximum 
likelihood phylogenetic reconstruction using the RAxML-HPC BlackBox tool 
(version 7.3.2) (Stamatakis 2006). Proportions of invariant sites were 
estimated for all runs. For the remaining parameters, I used RAxML default 
settings.  
 
Detecting ant-associated bacteria in the environment 
To visualize overlap between ant and environmental microbial 
communities, an OTU network map was generated using QIIME and 
visualized with Cytoscape (Shannon et al. 2003). Environmental sequences 
from OTUs found at high abundance in C. varians guts were characterized 
through inspection of sequence alignments and BLASTn searches, allowing us 
to more finely describe their relatedness to known ant symbionts. 
 
Identifying variable 16S rRNA genotypes 
 To detect bacterial diversity contained within 97% OTUs I separately 
inspected and adjusted alignments for the 19 most abundant ant-associated 
OTUs. These datasets included raw (i.e. non-denoised) 454 sequence reads, 
which increased sample sizes along with the lengths of sequences assessed for 
nucleotide variation. Through careful alignment of these sequences, and 
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through the application of nucleotide frequency thresholds, I attempted to 
identify natural 16S rRNA variation with minimal influence from alignment-, 
sequence-, and PCR-error. 
Variable sites in these 19 alignments were defined as those with a minor 
allele showing ≥1% frequency, as identified with CodonCode Aligner. To 
further minimize inclusion of spurious variation, I ignored possible length 
polymorphism in homopolymer tracts of ≥3bp, and I only included sites from 
ambiguously aligned regions if re-alignment of these selected stretches (using 
the MUSCLE algorithm in SeaView) produced a clear arrangement of 
nucleotides. Variable sites were concatenated into 16S rRNA genotypes, and 
the relative abundance of each genotype across samples was calculated 
separately for each OTU, giving insight into the strain composition for the 
selected bacterial species. Genotype distributions were illustrated with 
conditional color formatting in Excel and were also assessed with statistical 
analyses described below. 
 
Assessment of alpha and beta diversity 
Rarefaction curves were constructed from the estimated number of OTUs 
in each individual sample using observed species richness in QIIME. Bacterial 
sequence libraries from individual workers were rarified to 950 reads (i.e. the 
size of the smallest sequence library included in the analysis) before 
calculating the Chao1 richness estimator and observed species richness, 
enabling comparable estimates of alpha diversity across all samples. ANOVA 
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was then used to test differences in OTU richness among colonies and between 
field-caught versus lab-reared ant workers. 
To determine the similarity of communities from different workers and 
colonies (i.e. beta diversity), I used QIIME to compute Bray-Curtis distances 
between all libraries based on their OTU composition. Weighted UniFrac was 
also implemented in QIIME (Hamady et al. 2010; Lozupone & Knight 2005; 
Lozupone et al. 2007), enabling us to estimate community similarity based on 
the fraction of phylogenetic branch length shared by pairs of gut communities. 
The phylogeny for this latter analysis was inferred from an alignment of all 
representative sequences using the FastTree algorithm (Price et al. 2009). 
Bray-Curtis and weighted UniFrac distance matrices were then used for 
principal coordinates analyses (PCoA) in QIIME, and PCoA plots were 
visualized using R v2.02 (www.r-project.org) or the KiNG graphic program 
(http://kinemage.biochem.duke.edu/software/king.php). 
 Variation of gut communities (i.e. OTU composition & genotype 
composition for each OTU) between groups of ants was assessed in R (v2.02) 
using Adonis (McArdle & Anderson 2001) from the Vegan package (Oksanen 
et al. 2011), which performed a permutational MANOVA based on 
Bray-Curtis and/or weighted UniFrac distance matrices (1000 permutations). 
QIIME-based ANOVA tests were separately utilized used to identify OTUs 
with differing relative abundances among colonies, and between field-caught 
vs. lab-reared ant workers. To further describe the effects of diet on worker gut 
communities I used the RDP Lib Compare algorithm (Cole et al. 2009), 
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comparing relative abundance of OTUs in pooled samples of pollen-fed ant 
guts to those from pooled samples of guts from sibling ants before the shift to 
pollen-feeding. 
  
PCR amplification and Terminal Restriction Fragment Length Polymorphism 
(TRFLP) 
 The 16S rRNA genes from gut bacteria of workers from dietary 
manipulation experiments were amplified using the universal bacterial primers 
9Fa and 1513R (Russell et al. 2009), with the forward primer modified by 
6-FAM fluorescent dye labeling at the 5’ end. Purified PCR products were 
digested with the enzyme BstUI. Samples were then submitted to the Medical 
Genetics DNA Sequencing Facility (University of Pennsylvania) for fragment 
size estimation. Artifact peaks were minimized by loading less than 5 ng/µl 
per sample, an approach that has been recommended in at least one other study 
(Yu et al. 2005). Sequence libraries of 16S rRNA genes (cloning/Sanger 
sequencing and 454 amplicon sequencing) were used to predict terminal BstUI 
fragment sizes, enabling us to assign actual fragments to common gut bacteria. 
Further detail on TRFLP protocols and annotation can be found in Supporting 
Information for Chapter 2 and Tables S2-2-S2-3. 
 
Statistical analyses of TRFLP data 
 Bray-Curtis distances were generated in R v2.02 using TFRLP data, 
allowing us to compare gut communities between sibling ants consuming 
25 
 
 
different diets. Principal coordinates analyses (PCoA) were performed on the 
resulting Bray-Curtis distance matrices using the Vegan package in R. I also 
performed permutational MANOVA (1000 permutations) with Adonis, 
assessing whether observed differences between dietary treatments were 
significant. In addition, the relative abundances of TRFs within each TRFLP 
profile were converted into an OTU table in QIIME 1.6.0; ANOVA was then 
used to identify TRFs with varying relative abundance between treatments in 
both dietary experiments. 
 For the second dietary experiment, relative abundance values for all TRFs 
were used to generate heatmaps (using the heatmap function in Matlab version 
R2011b). After calculating the weighted average distances between each 
TRFLP profile, the resulting distance matrices were used to construct 
dendrograms depicting community similarity. 
 
Results 
Core bacterial species from Cephalotes varians guts and their phylogenetic 
affinities 
Gut communities of 38 ants from seven colonies were characterized using 
454 pyrosequencing (115,896 denoised, quality-controlled sequences; n = 
424-14,256 per library), as were four pools of DNA from workers hailing from 
two additional colonies (14,430 denoised, quality-controlled sequences; n = 
2,571-4,978 per library). Seventy-two OTUs (97%) were found across the 
studied ants (Table S2-4). Individual libraries contained between 10 and 24 
26 
 
 
identified OTUs with a mean of 17.9. Five OTUs were present in all libraries 
(OTU #s 1, 2, 4, 5, and 6), while 11 OTUs were found across all sampled 
colonies. I designated “core” bacteria as those found in more than 2/3 of C. 
varians colonies (i.e. ≥7/9 colonies)—16 OTUs fit this criterion (Figure 2-1; 
Table S2-5). Together, these core OTUs made up a median of 99.3% of the 
sequence reads in each 454 library (range = 32.1-100%) (Figure S2-1). 
Core OTUs belonged to three phyla, the Verrucomicrobia, the 
Bacteroidetes, and the Proteobacteria. There was one core species in the 
phylum Verrucomicrobia, representing the order Opitutales. The Bacteroidetes 
harbored two core species, one from the Sphingobacteriales and one from the 
Flavobacteriales. The Proteobacteria harbored the most diverse array of core 
OTUs: three belonged the Gammaproteobacteria (two from the 
Xanthomonadales and one from the Pseudomonadales); one came from the 
Epsilonproteobacteria (order Campylobacterales); two grouped within the 
Alphaproteobacteria (order Rhizobiales); and seven classified to the 
Betaproteobacteria (all within the Burkholderiales) (Figure 2-1). BLASTn 
searches suggested that all core species were most closely related to gut 
microbes previously discovered from other C. varians (Table S2-5). 
Phylogenetic analyses using maximum likelihood corroborated these findings, 
grouping the representative 16S rRNA sequences from all core bacteria into 
ant-specific lineages. These clades typically consisted of microbes from other 
Cephalotes species (Figure S2-2). 
In addition to core bacteria and microbes with low abundance and low 
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cross-colony incidence, I identified three OTUs showing sporadic distributions 
yet occasionally high prevalence. One of these, OTU014 from the 
Lactobacillales (found in 6 out of 42 libraries and 4 out of 9 colonies), grouped 
with a previously identified C. varians associate on a 16S rRNA phylogeny 
(Figure S2-2g), reaching 47.8% relative abundance in one worker gut 
community. The remaining two came from the Rhizobiales (OTU010, max 
within-library abundance = 66.9%, n = 10 libraries, n = 5 colonies; OTU018, 
max within-library abundance = 13.3%, n = 20 libraries, n = 6 colonies). Like 
the core Rhizobiales, these two OTUs fell within the broader ant-specific 
lineage from this order (Figure S2-2d). 
 
Variation of gut communities across C. varians colonies and populations 
Visual evidence indicated that the relative abundance of core species 
varied across individual field-caught specimens and across seven colonies 
from three different islands (Figure 2-1). To better visualize the variation 
between gut communities of workers from different colonies, I plotted the 
results of a principal coordinates analysis performed on Bray-Curtis distances 
(Figure 2-2a; see Figure S2-3 for PCoA based on weighted UniFrac distances) 
after removing two outlier libraries enriched with non-core bacteria 
(CSM1980-1 and CSM2037-3; Figure S2-1) and one library with low 
sampling depth (CSM2037-5, with n = 424 quality sequences). Separation of 
gut communities along the first PCoA axis appeared to correlate with 
differences in relative abundance of OTU001 from the Opitutales. Variation 
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along the second axis was primarily associated with abundance of Rhizobiales 
core OTU004. Adonis analyses based on Bray-Curtis and weighted UniFrac 
distances revealed significant differences in the gut bacterial communities 
among the studied C. varians colonies (Bray-Curtis: F = 6.857, R
2
 = 0.673, p 
= 0.001; weighted UniFrac: F = 6.141, R
2
 = 0.648, p = 0.001), matching trends 
seen in the PCoA plot. ANOVA statistics also identified 10 OTUs with 
significantly differing abundance across colonies, each belonging to a core 
species (Table S2-6). Most variation arose due to differences in relative 
abundance, although three of these variable OTUs appeared absent from a 
single colony each. 
In my studies of alpha diversity, I noted that the average Chao1 richness 
for gut communities ranged from 15.39 - 20.42 across field-caught ant workers 
(Table S2-7), with no significant differences between colonies (ANOVA, p = 
0.391 and p = 0.199 for Chao1 and observed species richness, respectively). 
Rarefaction curves for a number of communities did not completely plateau 
(Figure S2-4), but their low slopes at high sampling depth suggested my level 
of sequencing was sufficient to identify nearly all of the common gut bacteria.  
Analysis of COI sequences generated for C. varians workers (Supporting 
File 2-3) showed that those from two colonies collected in Key West, YH064 
and YH075, differed from those of five colonies from other Keys islands 
(CSM1884, CSM1957, CSM1973, CSM1980—Key Largo; CSM2037—Tea 
Table Key) at 7-8 nucleotides. These Key West COI sequences differed from 
each other at a single nucleotide out of 996 bp, while those from the latter five 
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colonies had identical sequences. Bray-Curtis distances among gut 
communities did not strongly correlate with host relatedness when viewed 
across colonies (Table S2-8).  
 
Comparison of microbial gut communities between field-caught and 
lab-reared C. varians 
I also used 454 pyrosequencing to compare the gut bacterial communities 
of four field-caught and four lab-reared C. varians workers from each of two 
colonies. Species composition did not change drastically, with the same core 
OTUs persisting after six months of lab rearing (Figure S2-5). Yet there were 
subtle shifts in these communities, as summarized in these graphs of OTU 
abundance and in my PCoA analyses (Figures S2-6-S2-7). Adonis analyses 
indicated that differences between gut communities of field-caught and 
lab-reared workers were significant (Bray-Curtis statistics: F = 3.334, R
2
 = 
0.192, p = 0.027; weighted UniFrac statistics: F = 4.089, R
2
 = 0.226, p = 0.02). 
Specifically, the abundance of Rhizobiales core OTU004 was, on average, 
seven-fold higher in lab-reared C. varians than in field-caught ants 
(Bonferroni-corrected p-value = 0.003; Table S2-9). Contrastingly, 
Burkholderiales core OTU013 showed a two-fold decline in lab-reared 
workers (Bonferroni-corrected p-value = 0.033; Table S2-9). In spite of these 
differences in beta diversity, I did not detect altered alpha diversity between 
the lab and the field (ANOVA, p = 0.513 and p = 0.613 for the Chao1 
estimator and observed species richness, respectively). 
30 
 
 
Are C. varians gut microbes found in the environment? 
I performed 454 pyrosequencing to examine the microbial communities 
from mangrove tree microhabitats, including the bark of twigs, wood lining a 
C. varians nest cavity, leaves, and lichen (n = 2 for each). Due to extremely 
shallow sampling of non-chloroplast sequences from leaves (i.e. n = 3), and a 
lack of overlap with ant-associated 97% OTUs, data from leaf samples were 
excluded from subsequent analyses. Similarities among the remaining 
environmental bacterial communities and those from 35 worker guts were 
visualized using PCoA plots (Figure 2-2d; Figure S2-8). In essence, bacterial 
communities from ants were clearly distinct from the six environmental 
communities, with Adonis analyses revealing significant differences (Adonis 
statistics on Bray-Curtis distances: F = 19.596, R
2
 = 0.329, p = 0.001; Adonis 
statistics on weighted UniFrac stats: F = 30.389, R
2
 = 0.432, p = 0.001). This 
was further illustrated with a network graph, showing how OTUs were 
partitioned across samples (Figure S2-9). 
Importantly, out of 72 OTUs found across the studied C. varians, only 
eight were also found in environmental samples. However, three of the 
overlapping OTUs did correspond to core gut microbiota of C. varians, 
including OTU004 (Rhizobiales; 7 reads from nest cavity wood), OTU005 
(Pseudomonadales; 1 read from a lichen with an ITS sequence BLAST’ing to 
Ramalina, GenBank Accession #: FJ871076), and OTU006 (Burkholderiales; 
1 read from a lichen with an ITS sequence BLAST’ing to Lecanora, GenBank 
Accession #: AB764071). Given the low read abundance, further work is 
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needed to determine whether this detection signifies alternative lifestyles of 
ant gut symbionts. Finally, of the other shared OTUs, all were rare within, and 
sporadically distributed across, ant guts (Table S2-10). Phylogenetic analyses 
also indicated that these latter microbes fell outside of the known ant gut 
bacterial clades (Figure S2-2). 
 
Effects of diet on gut bacterial communities of C. varians 
To examine the effects of diet on adult worker gut communities, 16S 
rRNA TRFLP analysis was performed on gut-extracted DNA from ants in my 
two experiments. Results from experiment 1 revealed that workers harbored 
significantly different gut microbiota when fed on different diets (Table S2-11). 
Differences were most pronounced between ants feeding on complete holidic 
diets versus those on otherwise identical diets without amino acids (P<0.05 in 
Adonis tests for three out of four colonies). Gut communities from ants fed 
diets of sugar water also showed some differences compared to those on other 
diets. However, these differences became non-significant after Bonferroni 
correction, and I failed to find TRFs that differed consistently across diets in 
the four examined colonies. 
Variation across diets in experiment 2 was, contrastingly, more 
pronounced and consistent. Specifically, C. varians workers fed on pollen for 
1-2 months harbored significantly different communities compared to sibling 
ants at the start of experiments and siblings fed on other diets (Table S2-12). 
This effect was consistent across both experimental colonies, as mirrored in 
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my PCoA analyses (Figure 2-3a). ANOVAs and visual heatmap inspections 
(Figure 2-3b) indicated that the gut communities of pollen-fed ants in both 
colonies were characterized by an increased abundance of one Rhizobiales 
TRF (93bp) and by decreased abundance of one Burkholderiales TRF (140bp) 
(Table S2-13). All other altered TRFs had very low abundance within 
individual profiles and could not be assigned to a particular taxon or OTU. 
Analyses of 454 pyrosequencing datasets of pooled pollen-fed ant guts 
and guts from sibling ants from the start of the dietary experiment revealed 
that the typical core microbiota remained in these ants (Figure S2-10). 
However, both comparisons showed proliferation of Rhizobiales OTU004 (2 - 
6% relative abundance increase), coupled with a decrease in Burkholderiales 
OTU006 (0.3 - 1.2%) and OTU008 (0.7 - 0.8%) (Table S2-14). 
Correspondence of these core OTUs to the altered TRFs (Table S2-3) provides 
a second line of molecular evidence suggesting that pollen consistently alters 
C. varians gut communities.  
 
Variation of 16S rRNA genotypes across colonies, locales, and rearing 
conditions 
 Careful alignment and annotation of all sequences from major 
ant-associated OTUs revealed hidden variation within 97% “species” 
groupings (Table S2-15). For instance, I detected at least two variable 
nucleotides in an alignment of Opitutales OTU001 reads. I confirmed one of 
these variable sites based on sequence polymorphism from previously 
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generated 16S rRNA clone libraries (Russell et al. 2009 and Anderson et al. 
2012). And after combining previously generated Opitutales 16S rRNA 
sequences with my new data, I detected potential geographic trends. Most 
notably, three colonies from the southwestern-most sampled Keys (Key West 
and Sugarloaf Key) showed a predominance of the “AA” genotype, which was 
extremely rare in ants from more northeasterly locations (Figure 2-4). 
 Assessment of other sequence alignments led to the identification of a 
number of variable nucleotide sites (i.e. those with the minor allele showing 
≥1% frequency) within all but one examined OTU (Table S2-15). Importantly, 
16S rRNA genotypes constructed from sequences at these sites showed 
colony-specific signatures (Table S2-16). Like trends seen at the OTU level, 
these often involved varying relative abundance, although presence/absence 
differences were quite striking in some cases (e.g. see OTU007; Table S2-15). 
Overall, differences between some colonies were more pronounced when 
examined at the genotype (vs. 97% OTU) level (Figure 2-2b-c vs. 2-2a). The 
consistency of several trends across sibling worker gut communities suggests 
that these are biological trends, rather than sequencing artifacts.  
 The presence of multiple genotypes within most 97% OTUs also 
suggested higher alpha diversity than estimated above. When I considered 
only “common” genotypes (i.e. those found across two or more sequence 
libraries and constituting at least 3% of the given OTU for at least one library), 
I found an average of 50.4 bacterial strains per worker, with a range of 24-76 
(Table S2-17). While interoperonic variation could explain some of these 
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trends, my potential elimination of real genotypes (e.g. by excluding rare 
genotypes), the sub-optimal nature of 16S rRNA for fine-scale strain 
differentiation, and my modest sampling depth within some OTUs lead us to 
suspect even greater strain diversity than estimated above.  
 Analyses of genotype abundance provided several additional insights of 
relevance. First, genotypes did not commonly appear to be lost from lab-reared 
ants, mirroring my OTU-based assessments of community stability. Within 
some OTUs, however, there were effects of pollen feeding and lab rearing on 
genotype abundance. This was most notable within Rhizobiales core OTU004. 
In this case, one genotype consistently fell in relative abundance (i.e. the 
proportion of OTU004 reads made up by this genotype) among replicate 
lab-reared workers from two colonies (compare yellow and blue triangles vs. 
circles in Figure S2-2b), only to show relative proliferation after ants were 
switched to 1-2 months of pollen feeding (Table S2-15). Second, 
environmental OTUs that overlapped ant core species matched the genotypes 
of dominant ant-associates (Table S2-15). Third, several differences between 
field-caught workers from two colonies remained intact after lab-rearing under 
identical conditions (i.e. in Table S2-15, compare the genotypic composition 
of OTU002, OTU012, and OTU013 between colonies YH064 & YH075; see 
also Figure 2-5; in Table S2-16, see Adonis results with effects of “colony” but 
not “rearing” in “YH064 vs. YH075” comparisons). Thus, as seen at the 
species (97% OTU) level, strain composition may be a stable and 
distinguishing feature across ant colonies.  
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Discussion 
While the discovery of bacterial function has remained elusive for many 
gut symbioses (but see Breznak 1982; Dillon & Dillon 2004; Engel et al. 2012; 
Muegge et al. 2011; Ridley et al. 2012; Turnbaugh et al. 2006), correlations 
between community composition and host-level traits can be used to infer 
possible causes and consequences of these interactions (Ley et al. 2008a; 
Russell et al. 2012; Russell et al. 2009; Sullam et al. 2012). Thus, while the 
gut microbes of Cephalotes ants have not yet been characterized in a 
functional sense, prior findings have hinted at their importance in the 
evolution of this group (Russell et al. 2009; Anderson et al. 2012). My present 
study on the gut bacteria of C. varians expands on that work by: 1) increasing 
the breadth, depth, and replication of sampling within and across individuals, 
colonies, and locations; 2) examining shifts in gut communities in response to 
lab-rearing and diet manipulation; 3) defining core species and systematically 
characterizing their strain diversity across a range of hosts; and 4) performing 
numerous statistical tests to assess community differences and their correlates 
across multiple scales. As a result of these efforts I have identified subtle 
symbiotic variability, the forces behind it, along with the potential implications. 
I further discuss these findings below, placing my discoveries on the diversity 
and variability of C. varians gut bacteria into the broader context of animal 
and social insect symbioses. 
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Hidden alpha diversity 
Gut bacterial communities of C. varians are not especially diverse, 
especially when compared to those from termites or mammals (Boucias et al. 
2013; Eckburg et al. 2005; Hongoh et al. 2005). Instead, these appear 
comparable to those from other social hymenopterans, such as honeybees 
(Apis mellifera), which harbor a core of approximately eight bacterial 
phylotypes (Martinson et al. 2011). But like C. varians, core honeybee gut 
bacteria are also composed of multiple strains with potentially varying 
different functions (Engel et al. 2012; Moran et al. 2012). Thus, in spite of the 
low species-level diversity for these gut communities, functional diversity and 
lower level taxonomic diversity may be much higher than originally 
appreciated, a trend that may hold for the gut microbiota of many animals 
beyond (Faith et al. 2013; Schloissnig et al. 2013). For this reason, the use of 
finer-scale molecular and bioinformatics tools will be important in furthering 
studies of bacterial and symbiont ecology (Eren et al. 2013). 
 
The implications of long-term symbiont stability 
In spite of the deeper insights provided with my sequencing and sampling 
design, all of the identified core microbes belonged to lineages containing 
previously identified C. varians associates. Furthermore, most have close 
relatives in other Cephalotes ants, suggesting long-standing relationships 
(Sanders et al. 2014). Stable core microbiota that dominate host gut 
communities have not been detected in a number of insects from natural 
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populations (Broderick et al. 2004; Dillon et al. 2010; Engel & Moran 2013). 
Thus, the existence of such a core, especially one with stability across 
populations, diets, and even species boundaries, suggests specific mechanisms 
aiding in gut symbiont acquisition and maintenance. Behavioral bacterial 
transmission may be one such mechanism. Indeed, C. varians workers have 
been shown to engage in oral-anal trophallaxis, which is thought to be a 
primary means for bacterial transfer in termites and some other herbivorous 
ants (Cook & Davidson 2006; McMahan 1969; Wheeler 1984; Wilson 1976). 
Transmission of gut microbiota of eusocial bees also involves a social context, 
taking place within the hive (Koch et al. 2013; Martinson et al. 2012).  
Alternative means of core gut microbe acquisition in insects involve 
ingestion of symbionts from maternally deposited capsules or from soil, where 
some symbionts can dwell (Fukatsu & Hosokawa 2002; Hosokawa et al. 2013; 
Kikuchi et al. 2007), Indeed the detection of DNA from three core C. varians 
microbes in environmental samples suggests potential environmental 
acquisition; although it is not presently clear whether these bacteria thrive or 
even survive in such external habitats. Should environmental acquisition prove 
common, one might expect evolved adult behaviors that target typical 
symbiont sources or, potentially, specific gut physiologies that select for a very 
specific range of bacteria. 
 
 
 
38 
 
 
Natural community variability 
Combined with other discoveries (Bution et al. 2010; Sanders et al. 2014), 
my findings suggest gut community stability is a hallmark of the Cephalotes 
genus. Yet subtle variation exists between colonies in nature. Both trends 
mirror those from other social insects, with host-specific bacterial lineages 
showing stable associations, combined with small differences in community 
composition across various scales (see Sudakaran et al. 2012 for an example in 
a non-social insect). Indeed, honeybees fit this pattern, with the relative 
abundance of core gut bacteria differing across colonies and possibly 
geographic locations, and with differences in strain abundance across these 
same sampling scales (Moran et al. 2012). Bumblebee and termite gut 
microbiota similarly vary between colonies (Boucias et al. 2013; Koch et al. 
2012; Minkley et al. 2006), and in the former case these colony-specific 
signatures seem stable, as they remain intact after transfer between host 
colonies (Koch & Schmid-Hempel 2012). 
Small differences among otherwise stable crops of core bacteria raise 
interesting questions about the mechanisms shaping community dynamics and 
inheritance. What is clear from this study is that community plasticity, in 
response to diet, is likely to drive some, but not all, of the natural variation 
among C. varians gut communities. 
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Causes and consequences of diet-induced plasticity 
Diet-induced shifts in gut communities have been seen in several other 
insect systems. For instance, low protein and high fiber diets alter the numbers 
of Streptococcus and Lactobacillus symbionts in cockroach guts, resulting in a 
decreased production of lactate and acetate (Kane & Breznak 1991). Similarly, 
hindgut microbiota of crickets can be altered by changing dietary protein and 
carbohydrate quantities (Santo Domingo et al. 1998). The influence of host 
diet on the presence and abundance of gut symbionts has also been seen in 
many vertebrates. Perhaps most famously, obese humans harbor higher ratios 
of Firmicutes to Bacteroidetes compared to lean individuals. In humans placed 
on low-calorie diets this ratio can decrease (Ley et al. 2006), and such changes 
may directly shape obesity due to the known efficiencies of Firmicutes-driven 
caloric extraction (Turnbaugh et al. 2006). 
While causes and consequences of diet-mediated plasticity are clear in 
some systems, this is not completely the case for the pollen-driven community 
shifts in C. varians. But given my failure to detect bacterial DNA in the bee 
pollen diets, I can narrow down the list of causes to two possibilities: 1) 
compounds from pollen favor certain bacteria with the capacity to use them 
for energy or biomass; or 2) pollen alters gut physiology in a manner that 
benefits a limited number of bacteria.  
Given the capacity for honeybee-dwelling gut bacteria to break down 
pectin from pollen cell walls (Engel et al. 2012) and the widespread 
consumption of pollen across the Cephalotes genus (Baroni-Urbani & de 
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Andrade 1997; de Andrade & Baroni-Urbani 1999), it is plausible that some C. 
varians gut microbes digest pollen. I hypothesize such a role for the strain of 
Rhizobiales found to proliferate in the guts of pollen-fed ants. The use of 
nutrients from recalcitrant pollen cell walls could very well give this, or other 
candidate pectin-digesters, an advantage in the gut environment. 
Pectin-degrading enzyme activities have indeed been detected from several 
Rhizobiales bacteria (Fauvart et al. 2009; Hubbell et al. 1978; Mateos et al. 
1992), further suggesting the plausibility of such a role.  
 
Alternative explanations for natural community variability 
In my experiments just one diet promoted consistent shifts in gut 
communities; additionally, the OTUs shifting in response to pollen were just 
two of ten with naturally differing abundance across field-collected colonies. 
When I also consider that several field-observed colony-level differences 
persisted after extended lab rearing, it becomes clear that natural factors aside 
from diet must shape the composition of gut microflora. 
One explanation for stable colony-level differences in gut communities is 
genetic variability in host ants. Under this scenario, varying host alleles could 
alter gut physiology, immunology, or the tissues to which microbes adhere, 
shaping the spectrum of bacteria that are favored in the gut environment. 
Currently, there is little evidence available to assess this mechanism, although 
colony-level genetic differences had only a minor effect on gut communities in 
a prior study on bumblebees (Koch et al. 2012). And though host genotype 
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may play some role in shaping the mammalian gut microbiota (Stewart et al. 
2005), it has not always been seen as a strong force behind the variation in the 
human gut microbiota (Turnbaugh et al. 2009a). 
History and chance could also play a role in this natural variation in a few 
conceivable ways. First, mutation and drift could explain why variant 16S 
rRNA types exist in ants from isolated habitats. Yet in my study, microbial 
differences were apparent among colonies separated by a few kilometers or 
even meters, with only a few patterns suggesting broader scale geographic 
trends. Second, limited bacterial numbers in the inoculum received by queens, 
or fluctuations within the guts of workers who inoculate sibling queens, could 
allow for species and genotype fluctuations arising due to chance or within-gut 
competition. And third, it is possible that local availability of particular 
microbes could also be of importance should environmental acquisition or 
horizontal transfer turn out to play roles in gut symbiont transmission.  
One last major mechanism behind symbiont variation could involve 
colony-level natural selection. Since gut bacteria are thought to have some 
heritable component in this system (Wilson 1976), colonies benefiting from 
their particular blend of gut flora could have higher realized lifetime fitness, 
promoting spread of similar communities. Varying selective pressures across 
spatial scales could drive regional differences in gut communities, but the 
variation at the local scales seen here could be favored if gut bacteria were to 
mediate interactions with natural enemies. In this case, balancing selection 
could promote the maintenance of diverse community types within a 
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population (Oliver et al. 2014). In the case of bumblebees, microbial 
communities from different colonies vary in their defensive specificities 
against strains of a virulent trypanosomatid gut parasite (Koch & 
Schmid-Hempel 2012), illustrating functional implications of inter-colony 
symbiotic variation and an area of investigation clearly worthy of future study 
in the Cephalotes system. 
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Figure 2-1: Abundance of bacterial species and taxa across Cephalotes 
varians workers and colonies. Bar graphs for each library (one column = gut 
community from a single field-caught worker) show the percentage of 
denoised and quality controlled 454 sequence reads classified to selected 97% 
OTUs. Rare bacterial OTUs (found in under half of sequence libraries and 
never exceeding a relative abundance of 4%) were lumped into a single 
category for simplification. Islands of origin are indicated beneath colony IDs. 
Bacteria from the same order are represented by different variants of the same 
color, and orders to which these OTUs were assigned are indicated in the color 
key. Finally, core OTUs/species are indicated with asterisks. 
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Figure 2-2: Principal coordinates analyses comparing bacterial 
communities across Cephalotes varians colonies and environmental 
sources. (A) PCoA based on Bray-Curtis distance values computed for C. 
varians communities based on 97% OTU composition. Only libraries of 
field-caught workers are included here. Note that three libraries were excluded 
due to aberrant microbial patterns (i.e. abundant non-core OTUs in two 
samples) or small sample size. (B) PCoA based on Bray-Curtis distance values 
computed from the genotype/strain composition of OTU004 (Rhizobiales). (C) 
PCoA based on Bray-Curtis distance values computed from the 
genotype/strain composition of OTU008 (Burkholderiales). (D) PCoA based 
on Bray-Curtis distance values computed for whole communities from C. 
varians colonies and environmental samples (97% OTUs). For panels B & C, 
libraries of field-caught (circles) and lab-reared (triangles) workers are 
included. Colonies are indicated by colors as indicated in the inset within 
panel D. Ovals are used to enclose all individual communities from a single 
colony. For all panels, the first and second PCoA axes are shown, and the % of 
Bray-Curtis distance variation explained by each axis is listed in parentheses 
next to axis labels. Note the stronger separation of several colonies based on 
the genotype/strain composition of the two depicted core species. Note also 
the effect of lab rearing on OTU004 composition but not on the composition 
of OTU008. 
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Figure 2-3: Principal coordinates analyses and heatmap figures reveal 
distinct gut communities in Cephalotes varians consuming different diets. 
Results were inferred from two distinct colonies used in the second dietary 
experiment. (A) PCoA analyses were run on Bray-Curtis distances generated 
from TRFLP analysis of bacterial 16S rRNA genes. The inset legend shows 
the symbols used for gut communities of ants from varying experimental 
classes. (B) Data were generated from the relative abundance of TRFs found 
in workers from the two experimental colonies. Identities of TRFs were 
predicted based on in silico TRFLP analysis of sequence datasets (Table S2-2). 
Colors in each cell of the heatmap reveal the relative abundance of each TRF 
(row) within each C. varians ant gut (column), ranging from 0% (black) to 20% 
(green). Dendrograms at the tops of each panel were generated from 
Bray-Curtis distance matrices produced from TRF data. Branch colors use the 
same convention as that from part A of this figure. The Rhizobiales TRF with 
increased abundance in pollen-fed ants is highlighted for pollen-fed 
communities using red boxes. Similarly, the Burkholderiales TRF with 
decreased abundance in pollen-fed ants is highlighted in blue. 
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Figure 2-4: Opitutales genotype/strain variation across Cephalotes varians 
colonies from throughout the Florida Keys. Pie chart colors show the 
proportions of sequence reads corresponding to each genotype: black = AG 
genotype; grey = GG genotype; white = AA genotype. Each chart is connected 
to its collection locale. Numbers above pie charts identify the different C. 
varians colonies sampled here. Colonies sampled with 454 sequencing (range 
of n=1,183 - 16,538 reads mapping to Opitutales OTU001 per colony) were #s 
1 (CSM1980, n=5 workers), 2 (CSM1957, n=3 workers), 3 (CSM1973, n=5 
workers), 4 (CSM1884, n=5 workers), 5 (CSM2037, n=4 workers), 6 (YH054, 
n=9 workers), 7 (YH062, n=9 workers), 13 (YH064, n=8 workers), and 14 
(YH075, n=8 workers). Colonies sampled in prior studies with Sanger 
sequencing (range of n=4 - 81 reads mapping to Opitutales OTU001 per 
colony) were #s 8 (CSM1169, n=5 workers), 9 (CSM1179-2a, n=1 worker), 10 
(CSM1179-2b, n=1 worker), 11 (CS0543, n=1 worker), 12 (CSM1235, n=1 
worker), and 13 (CSM1280, n=3 workers). The identical genotypic 
compositions (100% AG) for colonies 8-11 are depicted with a single pie chart. 
Note that all reads were pooled at the colony level before computing average 
proportions. 
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Figure 2-5: Genotype/strain stability in field-caught and lab-reared 
workers from two Cephalotes varians colonies. Heatmap shading from black 
(low abundance) to light grey (high abundance) shows the proportion of the 
given core OTUs comprised by the listed genotypes across individual worker 
ants. “NA” reveals that 0 sequence reads classified to OTU013 from library 
YH064-LW3. In all other cases, the given OTUs were present, but the 
predominant genotypes differed between colonies YH064 and YH075 in the 
field. After rearing in the lab, these differences remained intact, suggesting 
stable colony-level microbial signatures. The median numbers of sequence 
reads per OTU per library were 321, 58, and 45 for OTUs 002, 012, and 013, 
respectively. 
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CHAPTER 3: NUTRITIONAL ROLES OF GUT SYMBIOTS IN 
HERBIVOROUS ANT CEPHALOTES VARIANS 
 
Introduction 
 Insects, like other animals, lack the capability to synthesize several vital 
nutrients, such as essential amino acids and many vitamins (Moran 2007; 
Payne & Loomis 2006). Many can acquire these missing nutrients from 
nutritionally complete diets. However, some insects specialized on 
nutrient-limited diets have evolved symbiotic relationships with nutritional 
bacteria which enable them to obtain resources that are not available or 
accessible in sufficient quantities for their growth and reproduction (Akman et 
al. 2002; Douglas 1998; Feldhaar et al. 2007). As a result, contributions of 
nutritional symbionts are considered to play an important role in the ecological 
dominance and evolutionary success of insects. 
 The ants are a diverse insect group which dominate many terrestrial 
ecosystems, with an estimated 12,500 species exhibiting different life histories 
and spanning multiple trophic levels (Bolton et al. 2006; Hölldobler & Wilson 
1990). It has been shown using stable isotope analysis that many ants, 
particularly those in the tropical tree canopies, seem to obtain a small fraction 
of their nitrogen from animal tissues (Davidson et al. 2003). As many of these 
ants are argued to feed on N-poor liquid exudates, essential amino acid 
provisioning by symbionts may be a key contributor to their diversity and 
dominance of tropical canopy habitats. Consumption of animal waste products 
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such as bird droppings or urine by such “herbivorous” ants (de Andrade & 
Baroni-Urbani 1999; Gordon 2012; Powell 2008), along with the insects’ 
production of uric acid, could provide abundant sources of non-essential 
nitrogen that could be upgraded by their symbionts (Feldhaar et al. 2007; 
Sabree et al. 2009). In accordance with this prediction, carpenter ants have 
been shown to obtain nutritional benefits from Blochmannia endosymbionts 
via nitrogen recycling and upgrading (Feldhaar et al. 2007). While evidence 
for nutritional provisioning by internal symbionts is lacking for other ants, 
symbioses with ant-specific gut bacteria are enriched among ant genera 
feeding on low-quality diets (Anderson et al. 2012; Russell et al. 2009). This 
suggests an important role for nutritional symbionts in the origins or 
maintenance of herbivory across the ants, a hypothesis awaiting direct 
confirmation through experimental approaches. 
Turtle ants from the tribe Cephalotini are an intriguing group of 
herbivorous ants with a potential need for symbiotic nutritional contributions. 
Turtle ants (genus Cephalotes) are a regionally and locally species-rich New 
World arboreal genus, with 115 described species ranging from the Southern 
US to Northern Argentina (Bolton 2012). Isotope analyses place those from 
the Cephalotes workers near the bottom of the food chain, while behavioral 
studies have suggested their diets to include plant-derived foods, such as sap, 
wound secretions, and pollen (Byk & Del-Claro 2010; de Andrade & 
Baroni-Urbani 1999; Gordon 2012), along with animal waste products, 
including honeydew, urine, and bird excrement (Jaffe et al. 2001; Powell 
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2008). The nutritional challenges expected for many of these substances 
suggest important roles for the many bacterial residents of their enlarged and 
arguably specialized gut structures (Bution & Caetano 2008; Cook & 
Davidson 2006; Roche & Wheeler 1997). Gut bacterial communities of turtle 
ants are dominated by several core taxa (Hu et al. 2014; Sanders et al. 2014), 
which show impressive similarity among individuals, colonies, geographic 
locations, and across various diets under laboratory settings (Hu et al. 2014; 
Russell et al. 2009). All of these core bacteria belong to Cephalotini-specific 
lineages on 16S rRNA phylogenies (Anderson et al. 2012; Hu et al. 2014; 
Kautz et al. 2013a; Russell et al. 2009), and several have been proposed to 
codiversify with hosts across a 46 million year time span (Price et al. 2014; 
Sanders et al. 2014). Given the challenges of Cephalotes diets, I hypothesized 
that these ants have diversified and thrived within their marginal tree canopy 
niches due to the nutritional contributions of their ubiquitous gut symbionts. In 
this study, I test this hypothesis using Cephalotes varians as my study 
organism. My experimental and metagenomic analyses focus on 
symbiont-mediated N-fixation, N-recycling, and N-upgrading as candidate 
functions of major significance for this diverse ant group. Given the broader 
distributions of bacteria related to those in Cephalotes, my findings have even 
broader implications for the roles of bacteria in the ant evolution and their 
colonization of prey-poor canopy habitats. 
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Materials and methods 
Assay for acetylene reduction 
 Nitrogen fixation is performed by some insect-associated symbiotic 
bacteria, which provision their hosts with usable forms of nitrogen (Bentley 
1984). Given this possibility and the presence of symbionts from an order 
known for its N-fixation activity (i.e. Rhizobiales), I predicted the importance 
of N-fixation in the Cephalotes system. To assess such activity, I performed 
acetylene reduction assays, in which reduction of acetylene (C2H2) to ethylene 
(C2H4) can be used as evidence for active nitrogenase enzymes (Bentley 1984; 
Hardy et al. 1973). 
 Three colonies of C. varians were collected (by CSM or YH) from 
mangrove trees in the Florida Keys (see table S3-1 for more details). Over 
fifty workers, and all available larvae or queens (when present), were obtained 
from each of three colonies and subsequently placed into 10 ml gas tight 
syringes (Vici Precision Sampling Inc, Baton Rouge, LA, USA). An empty 
syringe was used as a control. Two milliliters of air in these four syringes was 
removed and two milliliters of acetylene was added to the syringe, resulting in 
a final atmosphere of 20% acetylene. A 1ml air mixture sample from each 
syringe was injected in a 3ml exetainer tube at 0, 1, 2, 4, 8, 16 hours. 
Acetylene and ethylene concentrations were then quantified using a gas 
chromatography-flame ionization detector (GC-FID, HP6890 series, Agilent 
Technologies, Inc., E.&E.S. Analytical Instrumentation of University of 
Pennsylvania ). 
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Feeding experiments with 
15
N-labelled urea 
 Recycling of nitrogenous wastes represents an additional means by which 
symbiotic microbes can supplement host nutrition (Sabree et al. 2009). Given 
attraction of some Cephalotes ants to animal-derived N-wastes (Jaffe et al. 
2001; Powell 2008), and given the extensive production of uric acid as an 
insect waste product, I hypothesized that symbiotic bacteria would exhibit the 
capacity to turn waste-nitrogen into usable forms. Findings of waste-derived 
nitrogen in essential amino acids from ant tissues would additionally implicate 
symbiotic bacteria in the process of N-upgrading, as essential amino acids, by 
definition, cannot be synthesized by animals.  
Three colonies of C. varians collected (by PL) in the Florida Keys (see 
table S3-1 for more details) were reared on a holidic artificial diet (Straka & 
Feldhaar 2007) and 50% honey water at 25 °C under a daily light:dark cycle of 
14:10 until their use in the feeding experiment. Fresh diet was provided 
roughly every two days.  
 Adult workers from three ant colonies were subjected to a water-only 
starvation period of three days. Workers from each colony were then 
separately split into two treatment groups. In the first treatment, workers were 
subjected to antibiotic treatment to remove their gut bacteria through rearing 
on 30% (weight/volume) sucrose water containing 1% of Tetracycline, 
Rifampicin, and Kanamycin each. PCR amplification was used to confirm that 
the antibiotic treatments drastically reduced bacterial loads in gut communities 
of C. varians (data not shown). Untreated workers from the second treatment 
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group consumed only 30% sucrose water. After three weeks, the 
antibiotic-treatment groups were provided with 30% sucrose water with the 
same antibiotic mixture, in addition to 1% (weight/volume) 15N-labelled urea 
(Sigma-Aldrich, St Louis, MO). Untreated ants were further split into 
subgroupings, with half being reared upon 30% sucrose water with 1% (w/v) 
15
N-labelled urea, and the other half consuming 30% sucrose water containing 
1% (w/v) unlabeled-urea.  
 After four weeks of feeding on diets containing urea, ant hemolymph was 
extracted from surviving workers, with two or three replicates per each 
treatment (see Table S3-2 for details). Hemolymph was harvested from 
decapitated ants using microcapillary tubes (1/0.58 OD/ID mm, World 
Precision Instruments, Sarasota, FL) to capture droplets exuding from the 
posterior opening of the head capsule, and from the anterior opening of the 
alitrunk. Ant hemolymph from 6-9 workers per each replicate was added to 
10ul of molecular grade water, which was preserved at -80°C immediately 
after collection. 
 
Amino acid analysis from ant hemolymph by gas-chromatography-mass 
spectrometry (GC-MS) 
 Enrichment of amino acids in ant hemolymph was measured at the 
Metabolic Tracer Resource at the University of Pennsylvania. Approximately 
5 ul of each hemolymph-water mixture was acidified with 1 ml of 1N acetic 
acid and run over AG 50W-X8 cation exchange resin. Resin was washed 3 
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times with milli-Q water and free amino acids eluted using 3N ammonium 
hydroxide. Samples were dried in a rotary vacuum evaporator and amino acids 
converted to their heptafluorobutyryl isobutyl ester derivatives (MacKenzie & 
Tenaschuk 1974). Derivatized amino acids were injected onto an Agilent 
7890A/5975C Series gas chromatograph/mass spectrometer (GC/MS) (Agilent 
Technologies, Santa Clara, CA ) operated in the negative chemical ionization 
mode and separated using a DB5-MS column. The injection port temperature 
was 250° C. The GC column temperature was maintained at 80° C for 1 
minute, increased to 150 C (10° C/min) and then to 300° C (20° C/min) and 
then held at 300° C for 1 minute. Amino acid peaks were identified by 
retention time which was confirmed using purified standards. Peaks that could 
not be definitively identified were not measured. 
 Differential abundance of 
15
N-labeled essential amino acids in ant 
hemolymph samples was compared using MANOVA with dietary treatment 
and colony as factors and levels of 
15
N-labelled amino acid as variants. 
 
DNA preparation 
 Ten adult C. varians workers from each of two colonies collected (by PL) 
in the Florida Keys (see Table S1 for details) were used to create two DNA 
pools for metagenome sequencing. Adult workers were washed in 70% ethanol 
and sterile water before dissection. Ant guts were dissected with sterile forceps 
under a compound light microscope. Between each individual dissection, 
forceps were rinsed with a 6% bleach solution and then with sterile water. The 
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dissected mid- and hind- guts were immersed in 180 μL enzymatic lysis buffer 
containing lysozyme (20 mg/ml). After grinding with sterile pestles, samples 
were incubated for 30 min at 37°C. Extractions then proceeded according to 
the protocol for gram-positive bacteria with the Qiagen DNeasy Kit (Qiagen, 
Valencia, CA).  
 
Metagenome sequencing, assembly and annotation 
 For shotgun sequencing of metagenomes of C. varians adult workers, 
pooled genomic DNA from the guts of ten workers from one colony was 
sheared to 400bp using a Covaris S220 sonicator. Sheared DNA was 
end-repaired and ligated to indexed Illumina-compatible sequencing adapters 
(Bioo Scientific, Inc) using the KAPA low-throughput Illumina-compatible 
library preparation kit (KAPA biosystems, Inc). Fragments of the two prepared 
libraries were size selected using double-ended SPRI bead-based size selection 
following the KAPA protocol. After this selection, libraries were amplified for 
6 cycles using KAPA high-fidelity polymerase and then checked for quality 
using an Agilent Bioanalyzer. The prepared libraries were pooled with other 
indexed samples and had an estimated 80% of the total molar faction, and 
sequenced at the Harvard Biopolymers Facility using paired-end 150 bp reads 
on an Illumina HiSeq 2500 instrument. Metagenome sequences were trimmed 
for quality and adapters using Trimmomatic (Bolger et al. 2014). The quality 
trimmed reads were then combined and assembled with IDBA-UD 1.1.1 using 
k values of 20, 40, 60, 80, and 100 (Peng et al. 2012). The assembled data 
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were run through QUAST (Gurevich et al. 2013) to calculate assembly 
statistics. Scaffolds were uploaded to the Integrated Microbial Genomes with 
Microbiome Samples Expert Review (IMG/M-ER) (Markowitz et al. 2014; 
Markowitz & Kyrpides 2007), where scaffolds were assigned to phylogenetic 
bins using the program MEGAN (Huson et al. 2007). Since IMG/MER uses 
MEGAN to bin sequences into a phylogenetic group by similarity searches 
with BLAST against all public reference genes, some scaffolds could not be 
assigned to bins or were classified to an incorrect bins. To obtain more 
accurate information of phylogenetic binning, all scaffolds were compared to 
six genomes of isolated gut bacteria from C. varians (unpublished data) using 
BLASTn. The blast hits with alignment length > 5000 and bit-score > 10000 
were used to compare the phylogenetic binning result generated by 
IMG/M-ER. Any scaffolds with inconsistent phylogenetic bins were manually 
corrected and assigned to the phylogenetic group of reference genomes of 
cultured isolates which their BLAST hits belong to. Identification of rRNA 
genes was conducted by IMG/M-ER using the program RNAmmer (Lagesen 
et al. 2007) and annotation of protein-coding genes was performed by 
IMG/M-ER using GeneMark (Zhu et al. 2010), Metagene (Noguchi et al. 
2006), Prodigal (Hyatt et al. 2010) and FragGeneScan (Rho et al. 2010) and 
final annotation of protein-coding genes were selected based on majority 
rule-based decision system. Metabolic pathways of gut microbiota of C. 
varians (Figure 3-3 and 3-4) were built manually, using KEGG and Metacyc 
(Caspi et al. 2014) as guides.  
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Visualization of taxonomic composition of metagenomes based on coverage 
and %GC 
 Quality and adapter-trimmed reads were mapped back to metagenome 
scaffolds using BWA 0.7.12 (Li & Durbin 2010) with default parameters. A 
Perl script sam_len_cov_gc_insert.pl 
(https://github.com/sujaikumar/assemblage) was used to estimate length, %GC 
content and average depth for each scaffold from the samfile generated by 
BWA. Taxon-annotated GC-coverage (TAGC) plots were then generated using 
scaffolds with more than 2000bp using an R script Blobology_sized.R 
(https://github.com/sujaikumar/assemblage) to visualize the contributions of 
different bacterial bins to the metagenome assemblies.  
 
Results 
Nitrogen fixation activity 
Nitrogenase activity was assessed in three colonies of C. varians using 
acetylene reduction assays on freshly caught field ants. No ethylene was 
detected in three colonies investigated in this study or in an acetylene control 
vial without ants (Table 3-1), suggesting gut bacteria of C. varians exhibited 
no nitrogen fixation activity under the examined conditions. In addition, no 
nitrogenase genes were identified when mining the metagenome of C. varians, 
whereas genes involved in other key nitrogen metabolism pathways had good 
coverage as discussed further below. 
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Feeding experiments with 
15
N-labelled urea 
To investigate whether nitrogen from urea can be incorporated into the 
essential amino acids by gut bacteria of C. varians, I used 
15
N-labelled urea 
coupled with symbiont manipulation and subsequent measures of 
hemolymph-derived free amino acids. When compared to the control treatment 
consuming unlabeled urea and the aposymbiotic group consuming 
15
N-urea, 
15
N was strongly enriched in essential amino acids from hemolymph of 
symbiont-bearing ants reared on 
15
N-urea. Specifically, statistics on GC-MS 
data revealed that seven essential amino acids (threonine, value, leucine, 
isoleucine, methionine, phenylalanine and lysine) and eight non-essential 
amino acids (alanine, glycine, cysteine, proline, asparate, glutamate, tyrosine, 
and arginine) showed significantly increased levels of 
15
N incorporation 
(Figure 3-1, MANOVA, P < 0.05 for all seven essential amino acids). Note 
that three amino acids histidine, serine, tryptophan, could not be reliably 
detected and were thus eliminated from my analyses. These results suggested 
that gut symbionts of C. varians have the capabilities to incorporate nitrogen 
from urea into the essential amino acid pool of the host ants. 
 
Taxonomic composition of C. varians metagenomes 
Taxon-annotated GC-coverage (TAGC) plots of metagenomes from 
colonies PL005 and PL010 revealed multiple clusters with differing GC 
content and estimated read coverage (Figure 3-2). Scaffolds annotated to the 
bacterial order Opitutales were grouped in a well-defined cluster with 
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coverage greater than 1000 and GC between 50 and 70% in both colonies. 
Scaffolds in another well-defined cluster with coverage between 5-20 and low 
GC between 25% and 35% were assigned to the bacterial order 
Campylobacterales.  Colony PL010, but not PL005, gave rise to a number of 
scaffolds assigned to the bacterial order Flavobacteriales; these grouped in a 
cluster with coverage between 50-100 and GC between 30% and 40%. 
Multiple groups-delinated by slightly different levels of sequence 
coverage-were formed for scaffolds assigned to the bacterial order Rhizobiales, 
Burkhoderiales, Pseudomonadales and Xanthomonadales, consistent with 
prior findings on the presence of multiple species or stains within each of these 
taxonomic groups (Hu et al. 2014). Many scaffolds could not be annotated, as 
shown as grey dots in TAGC plots. Given that all of the dominant core 
Cephalotes symbionts were identified, I argue that a large majority of these 
unannotated scaffolds were derived from the as-yet-unsequenced C. varians 
genome. 
 
Nitrogen recycling from uric acid or urea 
Through exploring metagenomes of C. varians, I identified an important 
route for nitrogen recycling mechanism—via uric acid metabolism. Only 
Burkholderiales bins possessed genes from uricolytic pathways, though they 
lacked genes encoding uricase, which catalyzes the first step of uric acid 
metabolism (Figure 3-3). This gene was, however, identified in scaffolds 
assigned to Hymenoptera by IMG/MER, indicating that the host ant can 
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perform the first step of uric acid degradation. My metagenomic evidence 
suggested that Burkholderiales are capable of the remaining steps in uric acid 
conversion to urea. These bacteria may then be capable of providing urea to 
other symbionts in the gut, as their metagenomes encode a bidirectional urea 
transporter protein.  
Genes involved in nitrogen recycling from urea, which could come from 
Burkholderiales metabolism or dietary consumption, binned into several taxa 
within the C. varians microbiome (Figure 3-3). Genes for the urease, which 
hydrolyzes urea to ammonia and carbon dioxide, were identified from 
Optituales and Rhizobiales bins. In addition, genes contributing to an 
alternative, two-step, urea degradation pathway were identified from various 
taxonomic bins. Rhizobiales bins appeared to encode both steps of this 
pathway, while Pseudomonadales (first step—urea carboxylase) and 
Burkholderiales (second step—allophanate hydrolase) bins each contained 
genes completing one half of this pathway.  
Metagenomic analysis further indicated that ammonia derived from urea 
can then be recycled into the amino acid metabolism by two pathways (Figure 
3-3). Rhizobiales, Burkholdriales and Xanthomonadales bacterial bins 
encoded glutamate dehydrogenase (GDH) genes, which function to assimilate 
nitrogen from ammonia into glutamate, which feeds into other amino acid 
biosynthetic pathways. The alternative GS-GOGAT pathway for assimilation 
was also represented.  Glutamine synthetase (GS) was identified from 
Rhizobiales, Burkholdriales, Pseudomonadales, Campylobacterales and 
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Xanthomonadales bins. And glutamate synthetase (GOGAT) was present in 
Burkholdriales, Pseudonomadales and Xanthomonadales bins as well as 
Hymenoptera bins. 
 
Amino acid biosynthesis 
 Metabolic pathway reconstruction from the metagenome sequence 
revealed that pathways for valine, leucine, isoleucine, phenylalanine and 
tryptophan were complete in six taxonomic bins, including Rhizobiales, 
Burkholdriales, Opitutales, Pseudonomadales, Campylobacterales and 
Xanthomonadales (Figure 3-4). 
 Rhizobiales and Burkhoderiales bins also possessed complete biosynthetic 
pathways for lysine, methionine and threonine. But ornithine 
carbamoyltransferase (argF, EC 2.1.3.3) and histidinol-phosphatase (hisB, EC 
3.1.3.15) in the arginine and histidine biosynthetic pathways were not 
identified in both Rhizobiales and Burkhoderiales bin (Figure 3-4A and 3-4B). 
The biosynthetic pathways for arginine, methionine and threonine were 
complete in the Optitutales and Campylobacterales bins. But 
tetrahydropicolinate succinylase (dapD, EC 2.3.1.117) and 
succinyl-diaminopimelate desuccinylase (dapE, EC 3.5.1.18) from otherwise 
complete the lysine biosynthetic pathway was lacking from Opitutales. The 
same trend was seen for phosphoribosyl-ATP pyrophosphohydrolase (hisE, EC 
3.6.1.31) and histidinol-phosphatase (hisB, EC 3.1.3.15) of the histidine 
biosynthetic pathway, which was otherwise complete within the Optitutales 
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bin. The Campylobacterales bin lacked the succinyldiaminopimelate 
aminotransferase (argD, EC 2.6.1.17), succinyl-diaminopimelate 
desuccinylase (dapE, 3.5.1.18) and diaminopimelate epimerase (dapF, EC 
5.1.1.7) steps of the arginine biosynthetic pathway. It also lacked 
phosphoribosyl-ATP pyrophosphohydrolase (hisE, EC 3.6.1.31) and 
phosphoribosyl-AMP cyclohydrolase (hisI, EC 3.5.4.19) from the histidine 
biosynthetic pathway (Figure 3-4C and 3-4E). 
The Pseudomonadales bin had complete biosynthetic pathways for the 
remaining essential amino acids aside from histidine, for which it lacked the 
histidinol-phosphatase (hisB, EC 3.1.3.15) gene (Figure 3-4D). In contrast, the 
Xanthomonadales bin possessed incomplete biosynthetic pathways for the 
remaining essential amino acids. It lacked N-acetylglutamate synthase (argA, 
EC 2.3.1.11) and ornithine carbamoyltransferase (argF, EC 2.1.3.3) in the 
arginine pathway; diaminopimelate decarboxylase (lysA, EC 4.1.120) of the 
lysine pathway;homoserine dehydrogenase (thrA, EC 1.1.13) from the 
threonine and methionine pathways; and both phosphoribosyl-ATP 
pyrophosphohydrolase (hisE, EC 3.6.1.31) and imidazoleglycerol-phosphate 
dehydratase (hisB, EC 4.2.1.19) of the histidine pathway (Figure 3-4F). 
 
Discussion 
 Many of the earth’s most marginal niches, including deep sea habitats or 
the utilization of indigestible or imbalanced diets, have been successfully 
colonized by eukaryotes only with the aid of symbiosis (Douglas 1998; 
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Dubilier et al. 2008). These partnerships have enabled hosts and associated 
microbes to undergo incredible diversification within these otherwise 
inhospitable niches. For the ants, arboreal canopies may represent such a 
marginal niche, as the biomass of potential prey items is insufficient to support 
the biomass of dominant ant flora (Tobin et al. 1995). Stable isotope and 
observational analyses suggest that many of the diverse and abundant canopy 
ants feed extensively on nitrogen-poor plant-derived resources (Bluthgen et al. 
2000; Davidson et al. 2003), leading to predictions of important contributions 
by microbial symbionts (Cook & Davidson 2006; Russell et al. 2009). To date, 
direct evidence for nutritional contributions have been provided only for the 
highly diverse tribe Camponotini, whose internally housed Blochmannia 
symbionts can recycle and upgrade nitrogen (Feldhaar et al. 2007). Yet several 
independently derived and diverse groups of herbivorous ants in the genera 
Cataulacus, Cephalotes and Procryptocerus (Cephalotini), Dolichoderus, and 
Tetraponera classify as herbivores, isotopically (Bluthgen et al. 2003; 
Davidson et al. 2003). These ants also exhibit notable symbioses involving 
enlarged or specialized gut structures containing large quantities of bacteria 
(Anderson et al. 2012; Bution & Caetano 2010b; Roche & Wheeler 1997; 
Stoll et al. 2007; van Borm et al. 2002).  
 Building upon these suggestive patterns of symbiosis, my findings from 
Cephalotes varians provide the second confirmed instance of substantial 
microbial symbiont contributions to “herbivorous” ants. Like the 
Blochmannia-camponotine symbiosis, it appears that recycling of nitrogenous 
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wastes, and both the synthesis and provisioning of essential amino acids are 
pivotal in these symbioses. I argue here that my findings in this single ant 
species have much broader implications and that these nutritional activities 
have played a major role in the success of herbivorous, arboreal ants.  
 First, the gut microbiota of Cephalotes ants is highly stable, with nearly 
all members belonging to one of 10 cephalotine-specific clades (Anderson et 
al. 2012; Russell et al. 2009). Furthermore, core taxa from these bacterial 
communities appear to have persisted since the origination of the Cephalotes 
genus 46 million years ago (Price et al. 2014; Sanders et al. 2014), and 
arguably even longer given the presence of many in the sister ant genus 
Procryptocerus. Combined with my findings for important nitrogen 
metabolism machinery in many of the core taxa, such long-standing 
lineage-wide stability suggests the potential for an ancient nutritional 
symbiosis in Cephalotes ants.  
 Second, Cephalotes-associated Rhizobiales are closely related to other 
members of a larger ant-specific clade, whose members are prevalent across 
unrelated herbivorous genera, including Tetraponera, Dolichoderus, and 
Cataulacus (Russell et al. 2009). When I consider my findings that the C. 
varians associated Rhizobiales can recycle nitrogen (i.e. urea) and produce 
essential amino acids, these patters suggest important nutritional roles of 
Rhizobiales bacteria in the success of arboreal, herbivorous ants. Like 
Rhizobiales, Burkholderiales symbionts from ant-specific clades are also 
distributed across Cephaltoes, as well as Tetraponera and Dolichoderus 
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(Anderson et al. 2012). My findings for nitrogen recycling (i.e. uric acid 
degradation) and essential amino acid biosynthesis by Burkholderiales gut 
associates thus provide further evidence for related gut bacteria playing 
nutritional roles across ant herbivores.  
 As these known or hypothesized nutritional symbioses have arisen 
independently across herbivorous ant groups, host taxa seem to exhibit various 
idiosynchracies, relating to microbial diversity, identity, and integration into 
their hosts’ biology. For instance, in the Cephalotes system, nitrogen recycling 
pathways are divided among different extracellular gut symbionts, while many 
core symbionts show overlap in essential amino acid production. In 
camponotines, intracellular Blochmannia symbionts integrate all of these 
functions within a single genome.  
 As opposed to the midgut-, bacteriocyte-dwelling Blochmannia symbionts, 
gut bacteria of Cephalotes ants inhabit in the anterior midgut, but are 
concentrated to the greatest extent in the poster portion of the hindgut, or 
ileum. Intriguingly, this is the site where Malphigian tubules empty 
nitrogenous wastes in the alimentary canal. As such, gut symbionts at this site 
receive a substantial supply of these wastes. While such wastes take the form 
of uric acid in many insects, gut bacteria lacked the enzyme required to 
convert this substance into 5-HIU, possessing instead the genes involved in 
subsequent conversion of this compound into urea. Uricase genes encoding the 
first step of this pathway were however found in metagenomic scaffolds 
assigning to Hymenoptera. Given that uricase encoding genes have been 
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detected in the genomes of red harvester ants (Smith et al. 2011), Camponotus 
floridanus (Bonasio et al. 2010), fire ants (Wurm et al. 2011) and leafcutter 
ants (Suen et al. 2011), it is likely that Cephalotes varians ants initiate 
uricolysis, providing uric acid-derived metabolites to their gut symbionts in 
the hindgut. 
 An end-product of uric acid degradation, namely urea, could then be 
transported out of symbiont cells via an ABC-type urea transporter encoded by 
Burkholderiales associates. Once in the extracellular environment, urea could 
then enter cells of other bacteria by way of passive diffusion (Sachs et al. 
2006), with Rhizobiales and Opitutales symbionts (and possibly 
Pseudomonadales and Burkholderiales in collaboration) using this waster 
product to to derive precursors for amino acid biosynthesis.  
 Metabolic pathway reconstruction from the metagenome of C. varians 
revealed complete biosynthetic pathways for all essential amino acids except 
histidine. However, within some taxonomic bins, some pathways were 
incomplete with one to two missing genes in several cases. As suggested 
previously based on incomplete amino acid synthesis pathways for other 
symbiotic bacteria (Hansen & Moran 2011; Sabree et al. 2009), the metabolic 
capabilities of gut bacteria may be complementary and some metabolites may 
be shared among community members. Indeed, this functional 
complementarity is present in Baumannia-Sulcia dual intracellular symbiosis 
found among sharpshooters. For instance, Baumannia is able to make 
methionine from homoserine but lacks the genes encoding homoserine, which 
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can be made by Sulcia from aspartate (McCutcheon & Moran 2007). 
 Turtle ants exhibit diverse feeding ecologies, consuming plant-derived 
foods, such as extrafloral nectar, sap, wound secretions, honeydew and pollen, 
in addition to vertebrate waste (i.e. bird droppings and mammalian urine) (de 
Andrade & Baroni Urbani 1999, Powell 2008). Such varied diets suggest that 
these symbioses may have broader function than just nitrogen recycling and 
essential amino acid provisioning. Indeed, my previous finding of Rhizobiales 
proliferation in the guts of pollen-fed C. varians workers (Hu et al. 2014) 
suggests digestive contributions of these symbioses, given the capacity for gut 
bacteria in honeybees to break down pectin from pollen cell walls (Engel et al. 
2012). In addition, gut symbionts of Cephalotes ants may contribute to vitamin 
biosynthesis, given well-studied precedents from other symbiotic system, such 
as African cotton stainers (Salem et al. 2014) and tsetse flies (Akman et al. 
2002). Furthermore, defensive functions could be provided by symbionts in 
Cephalotes ants, as inferred from findings on gut bacteria of bees and their 
anti-pathogen defenses (Koch & Schmid-Hempel 2011).  
 To conclude, symbioses have been considered to be the key to the 
evolutionary success and ecological dominance of many ants. The forms of 
these close relationships include protection of plants in exchange for food and 
shelter (Heil & McKey 2003), cultivation of fungi for food (Mueller et al. 
1998), and dependence on microbes to supplement nutrition (Feldhaar et al. 
2007), and uncharacterized symbioses of predators (Funaro et al. 2011). These 
discoveries highlight the exciting frontiers for future studies of symbiosis in 
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ants, while my findings revealing an important nutritional dimension for 
symbiosis in some of the world’s most diverse ant taxa. 
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Table 3-1 Acetylene-reducion activity detected for in vivo bacterial 
communities of C. varians. Nitrogenase can reduce acetylene (C2H2) to 
ethylene (C2H4). No ethylene was detected in three ant colonies investigated 
in this study. 
 
Sampling 
time (h) 
YH001 YH026 CSM2266 control 
C2H2 
(ppm) 
C2H4 
(ppm) 
C2H2 
(ppm) 
C2H4 
(ppm) 
C2H2 
(ppm) 
C2H4 
(ppm) 
C2H2 
(ppm) 
C2H4 
(ppm) 
0h 22.8 0 27.3 0 27.7 0 13.3 0 
1h 11.7 0 8.8 0 11.5 0 12.2 0 
2h 12.7 0 15.9 0 10.6 0 12.9 0 
4h 20.5 0 18.7 0 18.9 0 21.1 0 
8h 24.7 0 13.6 0 22.4 0 26.6 0 
16h 29 0 19.4 0 25.8 0 26.2 0 
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Figure 3-1 Proportion of 
15
N-labeling of free essential amino acids (A) and 
non-essential amino acids (B) in hemolymph of Cephalotes varians fed 
with 
15
N labeled urea. Asterisks indicated that 
15
N in essential amino acids 
from 
15
N-treated ants (blue) was significantly higher than in ants feeding on 
unlabeled urea (red) and in aposymbiotic ants feeding on 
15
N-labeled urea 
(green) in all three investigated colonies. 
 
(A) 
 
(B) 
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Figure 3-2 Taxon-annotated GC-coverage (TAGC) plots for the 
metagenomes of Cephalotes varians. (A) A TACG plot was constructed from 
metagenome assembly of colony PL005. Individual scaffolds are plotted based 
on their GC content (x-axis) and their read coverage (y-axis, logarithmic scale). 
Scaffolds are colored based on the taxonomic order they were assigned to as 
described in the text. The top six taxonomic order annotations are shown in a 
color. Scaffolds without an annotation or assigned to other taxonomic orders 
are in gray. (B) A TAGC plot from metagenome assembly of colony PL010. 
The top eight taxonomic order annotations are marked with a color. Any 
scaffolds annotated to other bacterial orders or without any annotation are 
shown in gray.  
 
 
(A) 
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Figure 3-2 (continued) 
 
(B) 
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Figure 3-3 Predicted metabolic pathways for uric acid metabolism and 
nitrogen recycling by gut symbionts of Cephalotes varians. Genes are 
colored by the bacterial orders to which they were binned to as described in 
the text. Genes that were not detected in any bacteria genomes are written in 
red. Asterisk indicated that genes are identified in the ant genome. 
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Figure 3-4 Predicted essential amino-acid biosynthetic pathways in 
metagenomes of Cephalotes varians. Names of genes not found in the 
bacterial genomes are in red font. Asterisks indicated that genes were 
identified in the ant genome. Essential amino acids biosynthetic pathways are 
separately constructed for the Rhizobiales bin (A), the Burkholderiales bin (B), 
the Optitutales bin (C), the Pseudomonadales bin (D), the Campylobactales 
bin (E), and the the Xanthomonadales bin (F). 
 
 
(A) 
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Figure 3-4 (continued) 
 
(B) 
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Figure 3-4 (continued) 
 
(C) 
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Figure 3-4 (continued) 
 
(D) 
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Figure 3-4 (continued) 
 
(E) 
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Figure 3-4 (continued) 
 
(F) 
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CHAPTER 4: TRANSITION TO A NITROGEN-POOR DIET 
WITHOUT CLEAR ROLES FOR SYMBIONTS IN THE INVASIVE 
ARGENTINE ANTS 
 
Introduction 
 
 Animals harbor symbiotic bacterial communities, which play important 
roles in diverse attributes of their biology (McFall-Ngai et al. 2013; Tremaroli 
& Backhed 2012; Zilber-Rosenberg & Rosenberg 2008). Among these, dietary 
ecology, digestion, and nutrition are perhaps the best-studied, and numerous 
findings have linked the contributions of symbiotic microbes to the diets 
consumed by their hosts (Colman et al. 2012; Ley et al. 2008a; Muegge et al. 
2011; Sullam et al. 2012). Such microbes can aid in the extraction of dietary 
energy or the conversion of non-essential compounds into usable nutrients that 
animals cannot synthesize alone. Insects number among the many animals 
engaged in symbioses with nutrient provisioning bacteria, and such 
interactions have been key to the evolutionary success of insects that 
specialize on nutrient poor diets (Douglas 2009).  
 In addition to symbiont function, community composition has also been 
linked with diet across insects and beyond (Colman et al. 2012; Ley et al. 
2008a). Specifically, unrelated animals with similar diets can show convergent 
associations with symbiotic microbiota (Ley et al. 2008a; Ley et al. 2008b) , a 
likely reflection of the link between dietary needs and microbial contributions. 
However, little is known about the mode and precise timing of microbial shifts 
in relation to major shifts in host diet, due to the ancient nature of most dietary 
switches. As a result, it cannot be determined whether microbial shifts 
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preceded or coincided with diet shifts, playing direct roles in their origins, or 
whether the secondary acquisition of particular microbes enabled animals with 
new feeding habits to become successful over longer time scales. Research in 
systems with very recent changes in diet can, thus, provide unique 
opportunities to address questions on the relative timing of diet versus 
symbiont shifts. Importantly, dietary change is a hallmark of several invasive 
animal species and a potential driver of their invasive success (for example, 
see (Caut et al. 2008; Sol et al. 2002; Zhang et al. 2009)). But the roles of 
symbionts in such trophic shifts and the success of invasive animals remain 
largely unknown. 
 Among the most damaging invaders are social insects, especially ants, 
which can have large effects on the structure and dynamics of invaded 
communities (Holway et al. 2002; Sanders & Suarez 2010). About 150 ant 
species have been introduced to new ranges (McGlynn 1999; Rabitsch 2011), 
and 21 of these have been identified as invasive species with important 
negative consequences in their novel habitats (Holway et al. 2002; Sanders & 
Suarez 2010). Shifts to carbohydrate-rich diets, such as extrafloral nectar and 
honeydew of sap-feeding insects, have been argued to play an important role 
in ant invasions (Green et al. 2011; Helms et al. 2011; Helms & Vinson 2002; 
Kay et al. 2010; Savage et al. 2011; Tillberg et al. 2007). While energy-rich, 
these diets are also poor in essential amino acids (Baker et al. 1978; Davidson 
2005), presenting challenges that could necessitate contributions from 
nutritional symbionts. Impressively, ant-specific bacterial symbionts appear 
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ubiquitous within several ant taxa that have long-exhibited such N-poor diets 
(Cook & Davidson 2006). Roles for such microbes in the success of ant 
herbivory (Davidson et al. 2003; Russell et al. 2009) are supported through 
findings of nitrogen-provisioning by symbionts of carpenter ants (Feldhaar et 
al. 2007). Yet the necessity of symbionts in the origins of herbivory has not 
been established, requiring research on symbioses of more recently derived ant 
herbivores. 
 To elucidate the importance of bacteria in ant trophic transitions, I focus 
here on the invasive Argentine ant, Linepithema humile. Native to South 
America, L. humile is one of the most widely distributed invasive species, 
being found across North America, Asia, Africa, Australia, Europe, and many 
oceanic islands (Suarez et al. 2001; Wetterer et al. 2009). One of the posited 
mechanisms behind this invasive ants’ success has been its transition towards a 
greater reliance on diets enriched in carbohydrates, mainly insect honeydew 
(Kay et al. 2010; Tillberg et al. 2007). It has been argued that this decreased 
trophic position, in addition to the formation of supercolonies, have helped 
Argentine ants to persist at higher densities compared to those feeding on more 
omnivorous diets within their native habitats (Tillberg et al. 2007). Field 
experiments indeed suggest that carbohydrate supplementation can facilitate 
Argentine ant invasion into introduced habitats (Rowles & Silverman 2009), 
fueling worker activity and aggression, and thereby heightening competitive 
abilities (Grover et al. 2007). But the nitrogen-poor nature of their recently 
acquire diets leads us to hypothesize that nutritional symbionts have played 
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crucial roles in the establishment and spread of this invasive species. Support 
for this hypothesis would further implicate bacteria in the very early stages of 
dietary shifts in ants, potentially explaining macroevolutionary correlations 
between low trophic level and symbiosis (Anderson et al. 2012; Russell et al. 
2009). 
 To address this question, I used quantitative PCR and Illumina MiSeq 
sequencing of the 16S rRNA gene to compare bacterial communities across 
Argentine ant populations. Comparisons between ants from native versus 
introduced habitats in the southwestern United States allow us to ascertain 
whether these ants’ microbiomes have changed before, during, or since 
invasion. Furthermore, examination of symbiont communities within a single 
ant population across a multi-year trophic shift has allowed us to study 
parallelism between diet and symbionts. Research on lab-reared L. humile has, 
further, permitted measures of symbiont community plasticity and the impacts 
of carbohydrate- versus protein-rich diets on the microbiota of these invasive 
ants. While my results provide insight into the biology of species invasions, 
they also yield one of the first glimpses into the timing of microbiome shifts in 
association with changing animal diet. 
 
Materials and methods 
Sample collection and dietary experiments 
In this study, Linepithema humile samples were collected in both native 
and introduced ranges (Table S4-1) through use of pitfall traps into ethylene 
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glycol or aspiration followed by immediate ethanol preservation. Long term 
storage of these ants took place in 95% ethanol, typically at -20C. Native 
range sampling across dozens of colonies in Argentina took place between 
1997 and 2003 (AVS) and again in 2009 (EL). Collections from the United 
States in both 2010 and 2013 (DH) targeted four supercolonies in California, 
including the main or “Large” California (L) supercolony, the Sweet Water 
(SW) supercolony, the Lake Hodges (LH) supercolony and the Lake Skinner 
(LS) supercolony. In addition, ants representing the main/Large supercolony 
were repeatedly sampled from Rice Canyon, CA between 1996 and 2003 
(AVS). These latter samples were from the same collections used for the study 
by Tillberg and colleagues (Tillberg et al. 2007), where they observed a 
decrease in trophic position of L. humile across this short timescale, which 
correspond to the time immediately following this ant’s arrival into Rice 
Canyon. 
To assess the effect of dietary carbohydrate:protein ratios on bacteria of L. 
humile, two colonies collected from San Diego after arriving at the lab were 
immediately assigned to two different diets with either 1:6 or 6:1 
protein:carbohydrate ratios at 100 g/L food density for 40 days (see Table S4-2 
for details). Adult workers from each colony were removed from the 
experiments at days 0 (prior to dietary administration), 20, and 40 of the 
experiment. They were subsequently preserved in molecular grade 100% 
ethanol and kept at -80 °C for eventual molecular work.  
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DNA extraction and PCR amplification 
DNA extractions targeted 478 field-caught ants, including: 166 adult 
workers from the native Argentinian range; 89 workers, 24 larvae, 16 pupae, 
and 23 queens collected across four CA supercolonies; and 160 workers from 
Rice Canyon, CA. In addition, I extracted DNA from 72 adult workers from 
two colonies subjected to the aforementioned dietary experiments.  
L. humile workers, queens and broods were rinsed in 70% ethanol and 
sterile deionized water before DNA extraction. Whole ant tissues were then 
placed into sterile 1.5 mL tubes and then ground with sterile pestles after 
freezing in liquid nitrogen. After grinding, 180 μL enzymatic lysis buffer were 
added to tubes, and samples were incubated at 37 °C for at least 30 min. 
Extractions then proceeded using the Qiagen DNeasy kit according to the 
manufacturer's protocol. To facilitate detection of possible contaminants, I also 
performed several “blank” extractions, following the same protocols in all 
regards except for the addition of ants. 
To check the quality of DNA of the Argentine ant samples I amplified the 
ant nuclear gene, abdA, using primers AbdA-F1 
(3’-AGICCGACGGGTTCGAGTC-5’) and AbdA-R1 
(5’-GCIGCGGAIACGTAIGGATACA-3’). Reactions were set up in 10ul PCR 
reactions containing 5ul of 2X MyTaq™ HS Red Mix (Bioline USA, Inc; 
Randolph, MA), 1uM of each primer (Invitrogen, Carlsbad, CA), 3.5 ul of 
PCR water (Sigma) and 0.5 ul of DNA template. PCR cycling conditions 
included an initial denaturation step at 95 °C for 5 min, followed by 40 cycles 
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of 30 s at 95 °C, 30 s at 55 °C and 60 s at 72 °C and a final primer elongation 
step at 72 °C for 10 min.  
To assess the presence of bacteria in my studied ants, I amplified the 
bacterial 16S rRNA gene with universal eubacterial primers 9Fa 
(5’-GAGTTTGATCITIGCTCAG-3’) and 1513R 
(5’-TACIGITACCTTGTTACGACTT-3’) (Russell et al. 2009). PCRs were 
performed at 10ul volumes with 5ul of 2X MyTaq™ HS Red Mix (Bioline 
USA, Inc; Randolph, MA), 0.48uM of each primer (Invitrogen, Carlsbad, CA), 
0.6mM of MgCl2 (Invitrogen, Carlsbad, CA), 2.34 ul of PCR water (Sigma) 
and 0.5 ul of DNA template. As for abdA reactions, 16S rRNA products were 
visualized by electrophoresis on 2% agarose gels.  
In spite of amplification with ant abdA primers, a number of my 
extractions failed to yield strong amplification signal with universal 16S rRNA 
primers for bacteria. In addition, several yielded very faint amplification that 
was often comparable to or below levels seen in negative controls, which 
themselves ranged from no- to faint-amplification. To initiate a preliminary, 
semi-quantitative investigation on the bacterial densities within Argentine ants, 
I quantified PCR product band intensity using the histogram feature in Adobe 
Photoshop (CS3). Each band on a gel image was covered by a box of bacterial 
size throughout all analyses using the Marquee tool in Photoshop. The mean 
intensity of each band was recorded and all values were divided by the average 
of intensity values of three randomly picked 2kb DNA ladder bands on the 
same gel image to obtain normalized relative band intensity (Table S4-1). As 
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this approach gave rough insight into the potential issues of low bacterial titer, 
more rigorous follow-up experiments into this matter are described in the 
section below. 
 
Bacterial quantitative PCR  
 To compare bacterial densities of L. humile ants between native and 
introduced populations, I randomly chose 32 native L. humile ants (EL; 2009 
collections) and 36 introduced L. humile ants collected from Rice Canyon, CA 
(AVS 1996-2003 collections). I further included six L. humile ants collected at 
the beginning of dietary manipulation, 12 L. humile ants fed on the 1:6 
protein:carbohydrate diet and 12 L. humile ants fed on the 6:1 
protein:carbohydrate diet, thus allowing exploration into whether bacterial 
titers may be plastic and responsive to diet. 
 Copy numbers of bacterial 16S rRNA genes were estimated using 
quantitative PCR (qPCR) with PerfeCTa SYBR Green FastMix (Quanta 
BioSciences Inc., Gaithersburg, MD, USA). I used 250 nM of eubacterial 
primers 515F (5’-GTGCCAGCMGCCGCGGTAA-3’) and 806R 
(5’-GGACTACHVGGGTWTCTAAT-3’) on a Mx3005P qPCR System 
(Agilent Technologies, Santa Clara, CA). PCR cycling conditions consisted of 
initial denaturation at 94°C for 10 minutes; 35 cycles of 94°C for 45s, 50°C 
for 60s, 72°C for 60s, and a plate read at the end of each extension step. 
Melting curve analysis was performed immediately after amplification 
including 90 cycles of 0.5°C increments from 50°C to 95°C, with 30s at each 
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temperature.  
Two or three independent replicates were performed for each ant sample 
across separate plates. Each plate included triplicated standards at multiple 
concentrations, prepared using serial dilutions of linearized plasmid with the 
16S rRNA gene of Escherichia coli. Data were processed using MxPro - 
Mx3005P software v. 4.10 (Stratagene, 2007). Melting curves of all samples 
were manually examined, and samples with melt peaks outside of the 82-88°C 
region (expected for specific product obtained for bacteria with different GC 
contents) were classified as affected by non-specific amplification and 
excluded from further analyses.  
Total DNA concentrations of all whole genomic ant samples used for 
quantitative PCR were quantified using the Quant-iT™ dsDNA High 
Sensitivity Assay kit (Life Technologies, Grand Island, NY) on the Glomax 
Multi Detection system (Promega, Madison, WI) for high-throughput DNA 
quantification. I included two independent replicates for each sample and 
quantified each on a separate plate. For subsequent comparisons, the bacterial 
quantities for each sample were standardized by dividing the average across 
bacterial 16S rRNA gene copy estimate technical replicates by the average of 
the two technical replicates for total DNA quantity. I used t-tests to compare 
numbers of 16S rRNA gene copies per ng total DNA between native and 
introduced populations and across the two dietary treatments as well as 
between pre- and post- dietary treatments. In order to compare to other 
herbivorous ants, normalized bacterial 16S rRNA gene copies per ng total 
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DNA of 15 Cephalotes varians workers from one colony were used for 
comparison. 
 
16S rRNA amplicon Illumina sequencing and quality control protocols 
A total of 133 L. humile ant samples with relative 16S rRNA PCR band 
intensity scores of 0.5 or greater were submitted for amplicon sequencing of 
the V4 region of the 16S rRNA gene using primers 515F 
(5'-GTGCCAGCMGCCGCGGTAA-3’) and 806R 
(5’-GGACTACHVGGGTWTCTAAT-3’) (Caporaso et al. 2011). Each sample, 
and hence each sequence library, corresponded to a DNA extraction from one 
adult or juvenile ant (n=112 for adult workers, n=7 for larvae, n=6 for pupae, 
and n=8 for adult queens), allowing us to study inter-individual variability in 
microbiota. Library preparation and sample barcoding were performed by 
Argonne National Laboratory, where samples were subsequently multiplexed 
and paired-end sequenced on an Illumina MiSeq platform.  
Raw reads were initially analyzed using mothur v.1.33.3 (Schloss et al. 
2009) and the mothur Miseq SOP was followed (Kozich et al. 2013) unless 
otherwise noted. After read pair assembly, I removed contigs falling outside 
the 215-255 bp range along with those possessing ambiguous nucleotides or 
homopolymer tracts greater than 10 bp. A total of 2,830,719 contigs from 
across my 133 samples were extracted using the get.groups command. The 
commands unique.seqs and count.seqs were used to identify unique sequences 
and their frequencies within each sample. Each unique sequence was aligned 
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to the SILVA-compatible alignment database using the align.seqs command. 
The aligned sequences were trimmed to the same alignment coordinates by 
commend filter.seqs. Chimera checking was then performed using UCHIMER 
(Edgar et al. 2011). After chimera removal, the remaining sequences were 
classified against the Ribosomal Database Project (RDP) 16S rRNA gene 
training set (version 10) with a threshold of 80% bootstrap confidence using a 
naïve Bayesian classifier (Wang et al. 2007). At this stage, sequences 
classifying to mitochondrial, chloroplast, Archaea, Eukarya were removed 
using the command remove.lineage.  
To remove contaminant sequences, I developed a protocol based on 
filtration of unique sequences that were abundant in the sequence libraries 
from my ant-free, “blank” samples. After implementing the quality control 
protocol described in the above paragraph, I used the post-filtration 
mothur-generated count table to calculate the relative abundance of each 
unique sequence in every quality controlled library. Then, for each unique 
sequence, I extracted two values including the maximum relative abundance in 
all six blank samples (value a) and the maximum relative abundance across all 
133 ant libraries (value b). Any unique sequence with a ratio of value a:value b 
exceeding or equal to 0.1 was classified as a contaminant and removed from 
the dataset. All remaining unique sequences with maximum relative 
abundances less than 0.2% across all ant libraries were also excluded, which 
aided in the elimination of mutant “satellite” sequences ultimately originating 
from contaminants. In accordance with expectations, most of the sequences in 
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this class were present as one or few sequences in some samples, but absent 
from most samples. Any libraries with less than 3000 reads after 
contamination removal were eliminated from subsequent analyses. 
 Following the contamination removal step, the 1272 remaining unique 
sequences from across my ant samples were assigned to operational taxonomic 
units (OTUs) at 97% sequence similarity using the nearest neighbor option. A 
final OTU table was generated describing information on abundance and 
taxonomy of bacteria from all ants in my study. This table was converted to a 
biom-format OTU table in QIIME version 1.6.0 (Caporaso et al. 2010). It was 
then used for subsequent QIIME-based analyses. 
 Upon inspection of taxonomic composition of the remaining 
ant-associated libraries, I found one community type to be dominated by a mix 
of bacteria from similar taxonomic groupings. These were unlike other 
sequence libraries, which were dominated by single bacteria. In addition, the 
presence of these mixed community types showed a strong correlation with 
relative 16S rRNA band intensities: all were found exclusively in ants with 
less than 0.77 relative 16S rRNA band intensity scores, while ants scoring 
above this value possessed communities dominated by single OTUs and taxa. 
Contaminants have been reported to dominate sequence libraries obtained 
from samples with low microbial biomass (Salter et al. 2014). When I 
combine this knowledge with my observations of strong taxonomic overlap 
between true contaminants (in blanks) and microbes in my “low bacterial 
density” ant samples (Figure S4-1), I find it most prudent to eliminate all 
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sequence libraries from ants yielding 16S rRNA band intensity scores of less 
than 0.77.  
 
Assessment of beta diversity 
To determine the similarity of communities from different colonies, 
regions, developmental stages and dietary treatments, I used the QIIME 
pipeline to compute Bray-Curtis distances between all libraries based on the 
97% OTU table after rarefaction to 3000 reads per library. The Bray-Curtis 
distance matrix was used for principal coordinates analyses (PCoA) in QIIME 
1.6.0 and PCoA plots were visualized using R v1.33.3 (www.r-project.org). 
Using this same distance matrix, I assessed the significance of microbiome 
divergence across various scales using permutational MANOVA tests with 
1000 permutations, through execution of the function Adonis (McArdle & 
Anderson 2001) within the Vegan package for R (Oksanen et al. 2011).  
 
Enterotyping  
 To identify ant samples harboring similar microbial community structures, 
I used the methods described by Arumugam et al. (Arumugam et al. 2011) to 
test for the presence of “enterotypes” in my ant samples. Briefly, I applied the 
partitioning around mediods (PAM) clustering algorithm to the OTU-level 
abundance of all ant samples with the Jensen-Shannon divergence distance 
matrix. The Calinski-Harabasz (CH) index was calculated using the clusterSim 
package in R to determine the optimal number of clusters in my datasets. Then, 
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I performed between-class analysis (BCA), plotting the results using the ade4 
package in R. Indicator OTUs driving the differentiation of enterotypes were 
identified using the indval function in the labdsv package in R. 
 
Phylogenetic analysis of dominant bacterial OTUs 
 I performed a phylogenetic analysis to establish the evolutionary 
relationships among the dominant bacterial OTUs found in L. humile ants. My 
analyses included representative Illumina sequences for the four enterotype 
indicator OTUs, along with five dominant OTUs with relative abundance more 
than 0.6. I also generated and included nearly full-length 16S rRNA sequences 
for three OTUs belonging to the order Lactobacillales, Rhodospirillales and 
Rickettsiales by sequencing the PCR products amplified with universal 16S 
rRNA primers from ant samples containing only one dominant bacterial 
genotype with the relative abundance over 90%. I also included sequences 
from top BLASTn hits for these representative sequences, along with selected 
sequences from known symbionts. Sequences were aligned using the 
Ribosomal Database Project Sequence aligner (Cole et al. 2009). Maximum 
likelihood searches were then performed using RAxML-HPC BlackBox with 
default parameters on the CIPRES Science Gateway web portal (Miller et al. 
2010). Optimal trees for my analyses were visualized using the Interactive 
Tree of Life Website (Letunic & Bork 2007). 
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Analysis of metabolic potential 
I used PICRUSt (Phylogenetic Investigation of Communities by 
Reconstruction of Unobserved States) to predict metagenomic function for L. 
humile associated communities based on 16S rRNA sequences in a reference 
bacterial genome dataset (Langille et al. 2013). All 1272 unique sequences 
remaining after filtration of quality checking, chimera and contamination 
removal were binned into 94% OTUs using a closed reference-based method 
against the Greengenes database using QIIME 1.6.0 (Caporaso et al. 2010). 
The closed-referenced-picked OTU table was rarefied to 3000 reads per 
sample and further analyzed using the PICRUST pipeline on the Galaxy server. 
The PICRUSt pipeline normalized 16S copy number and then a normalized 
OTU table of assigned taxa and their relative abundances was used to predict 
the gene family abundance for each metagenome based on KEGG orthology 
groups (KOs) using Kyoto Encyclopedia of Genes and Genomes (Kanehisa et 
al. 2012). The accuracy of metagenome predictions depends on the sequence 
similarity between 16S rRNA reads within an OTU and the 16S rRNA gene of 
the closest reference genome representative, a measured by the Nearest 
Sequenced Taxon Index (NSTI). The average NSTI values for my ant samples 
was 0.063±0.00, suggesting that my ant microbiomes have comparable 
predictive accuracy to the microbiota from human-associated samples and 
mammalian guts (Langille et al. 2013). In addition, I found that the bacterial 
communities of ant samples after close-reference 94% OTU assignment show 
strong taxonomic resemble to those data as seen in Figure 1 (data not shown). 
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These analyses together indicated high accuracy of of metagenome functional 
predictions 
 
Results 
Comparison of bacterial communities of field-caught L. humile from native 
and introduced populations 
 Bacterial 16S rRNA gene and ant abdA gene PCR screens were performed 
on DNA samples from 415 field-caught L.humile workers. Among these 
samples, 354 had positive amplification of the ant abdA gene, indicating they 
were of suitable quality for PCR. In spite of this, most of these worker samples 
failed to strongly amplify with universal bacterial 16S rRNA primers, with 303 
yielding 16S rRNA band intensity scores less than 0.77, based on loading of 
identical volumes of ladders & samples in all gels (Table S4-1). These samples 
have low bacterial density and are largely influence by contamination. Among 
these, native Argentine ant workers showed a significantly higher proportion 
of samples with weak or no 16S rRNA gene amplification, compared with 
workers introduced to the United States ((148/161 samples from Argentina vs. 
155/193 samples from USA; Fisher exact test, p = 0.0022). Quantitative PCR 
measurements of bacterial DNA from L. humile revealed that those worker 
samples from Argentina harbored significantly lower numbers of bacterial 16S 
rRNA gene copies (per ng of total DNA) than workers from Rice Canyon, CA, 
USA (Figure 4-2; t-test, p = 0.0021 compared to those from Rice Canyon 
collected between 1996-1998 and p = 0.0446 compared to those from Rice 
96 
 
 
Canyon collected between 2002-2003).  
 The 51 samples yielding relative 16S rRNA band intensity scores of 0.77 
or greater were characterized by 16S rRNA amplicon Illumina sequencing 
(Table S4-1). Adult Argentine ant workers in some introduced supercolonies 
harbored several dominant bacterial symbionts also found in the native range 
of L. humile (Figure 4-1A). For instance, many Argentine ants had a high 
prevalence of OTU0002, a species from the order Lactobacillales, and 
OTU0003, which classified to the order Rhodospirillales. These OTUs 
dominated the communities of several adult workers from Argentina, the Large 
supercolony and the 2011 Lake Hodges supercolony collections. However, 
workers from the Lake Skinner supercolony were enriched for OTU0007 from 
the Rickettsiales, a species found to be similarly abundant in two workers 
collected from the Lake Hodges supercolony in 2014. This species mainly 
comprised by one dominant genotype was also found across castes and 
developmental stages of Lake Hodges ants (Figure S4-3, S4-4C), suggesting 
its dominance of the microbiota within this particular social group. Unlike 
these three common associates, three other species dominated communities of 
just one Argentina-derived worker each, including OTU0034 (order Bacillales), 
OTU0011 (Wolbachia) and OTU0017 (order Entomoplasmatales) (Figure 
4-1A). These bacteria made up between 82-99% of their respective bacterial 
communities. Rarer bacterial residents hailed from a variety of orders, notably 
the Pseudomonadales and Burkholderiales.  
To better visualize the variation between bacterial communities of 
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Argentine ant workers from native and introduced populations, I plotted the 
results of a principal coordinates analysis on Bray-Curtis distances (Figure 
S4-2). Separation of bacterial communities appeared to be primarily associated 
with differences in the relative abundance of OTU0002, OTU0003 and 
OTU0007. Permutational ANOVA (Adonis) analyses based on Bray-Curtis 
distances revealed significant differences in the bacterial communities of 
Argentine ants between the introduced Large/main California supercolony and 
those from native Argentina populations (F = 3.734, R
2
 = 0.083, p = 0.023). 
Communities from native Argentina populations were also significantly 
different from those of the introduced Lake Hodges (F = 2.929, R
2
 = 0.163, p 
= 0.039) and Lake Skinner supercolonies (F = 7.853, R
2
 = 0.344, p = 0.001). I 
should note, however, that only the Lake Skinner workers harbored 
communities that were strongly divergent from any found in native Argentine 
ant workers. In contrast, workers from the Lake Hodges and Large 
supercolonies showed overlap with native workers in their prevalence of 
OTU0002 (Lactobacillales) and/or OTU0003 (Rhodospirillales) (Figure 4-1A). 
The sharing of closely related bacteria between native and introduced regions 
was reinforced by my discovery that the dominant genotypes for each of these 
two OTUs were found in both regions (Figure S4-4A).  
  
Comparison of bacterial communities of L. humile collected in Rice Canyon 
(CA, USA) at different time points 
 PCR screens for the ant abdA gene and the bacterial 16S rRNA gene were 
98 
 
 
performed on DNA samples from 160 Large supercolony workers in Rice 
Canyon, CA, USA. Time points sampled corresponded to very shortly after 
their arrival at this CA site and several years later, when trophic level had 
notably dropped (Tilberg et al. 2007). Among the 104 with PCR-quality 
templates, 14 out of 43 worker samples collected between 1996 and 1998 and 
14 out of 61 samples obtained between 2002 and 2003 from Rice Canyon 
showed strong 16S rRNA gene amplification with more than 0.77 relative 16S 
rRNA band intensity scores (Table S4-1). Quantitative PCRs of 16S rRNA 
gene concentration revealed that adult workers from the early invasion stage 
harbored numbers of bacteria comparable to those obtained 4-7 years later 
(Figure 4-2; t-test, p = P=0.4163).  
 I also used 16S rRNA amplicon Illumina sequencing to compare bacterial 
communities of 28 Argentine ants collected at different time points in Rice 
Canyon. My results revealed no evidence for a shift in bacterial communities 
across this time span (Figure 4-1B; Adonis statistics on Bray-Curtis distances: 
F = 0.234, R
2
 = 0.009, p = 0.653), in spite of a clear trophic shift observed in 
this same population (Tillberg et al. 2007). Specifically, most worker samples 
from the Rice Canyon population had a high prevalence of OTU0002 from the 
Lactobacillales order, while a small number of worker samples harbored large 
proportions of OTU0003 from the order Rhodospirillales (Figure 4-1B). In 
addition, each OTU was dominated by a single genotype—the same genotypes 
that dominated ant communities in Argentina—with no evidence for genotypic 
shifts in Rice Canyon over time (Figure S4-4D).  
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Effect of diet on bacterial communities of L. humile 
 I performed PCR screens for both abdA and 16S rRNA on 72 workers 
from the dietary experiment to assess the presence of bacteria in extractions 
with PCR-quality DNA template. A total of 30 ants, out of 72 deemed suitable 
for PCR (via abdA PCRs), yielded strong 16S rRNA signal (Table S4-1). 
Quantitative PCRs were used to estimate bacterial abundance of Argentine 
ants fed on different diets. Argentine ants from the beginning of the dietary 
experiment had significantly fewer 16S rRNA gene copies (after normalizing 
by total DNA quantity) compared with ants fed on experimental diets (t-test, p 
= 0.0468 compared to ants fed on diets with 1:6 protein:carbohydrate and p 
=0.0476 compared to those fed on diets with 6:1 protein:carbohydrate. 
However, Argentine ants fed on diets with different Protein:Carbohydrate 
ratios harbored similar amounts of normalized 16S rRNA gene copies (Figure 
4-2; t-test, p = 0.799), revealing no difference between diets in the impacts on 
bacterial quantity. 
 However, amplicon sequencing of bacterial 16S rRNA genes revealed 
notable impacts of dietary regime on the bacterial communities of 30 worker 
ants yielding sufficient 16S rRNA signal (Figure 4-1C). Specifically, the 
abundance of Rhodospirillales OTU0003 was seven-fold higher in Argentine 
ants fed on diets with 1:6 protein:carbohydrate than in ants fed on diets with 
6:1 protein:carbohydrate (Bonferroni-corrected p-value = 0.0018, Table S4-3). 
In contrast, Enterobacteriales OTU0004 was, on average, 200-fold higher in 
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Argentine ants fed on diets with 1:6 protein:carbohydrate 
(Bonferroni-corrected p-value = 0.0359, Table S4-3). The differences of 
dominant bacteria from lab-reared Argentine ants fed on each diet were similar 
across the two colonies, while ONE genotype of OTU0004 from 
Enterobacteriales was rare in field-caught workers which commonly harbored 
OTU0002 an OTU0003 (Figure S4-4B). In addition, two Argentine ants fed on 
diets with 6:1 ratio of protein to carbohydrate harbored OTU0001 from 
Pseudomonadales, which reached over 60% in total bacterial abundance. 
Adonis analysis based on Bray-Curtis distances indicated that Argentine ants 
fed on diets with 6:1 protein:carbohydrate harbored significantly different 
communities compared to siblings fed on diets with 1:6 protein:carbohydrate 
(F=5.864, R
2
 = 0.369, p = 0.0003) in Los Higueros colony. Similarly, there is 
also a significant difference of bacterial communities of Argentine ants fed on 
diets with different ratio of protein and carbohydrate (F = 8.239, R
2
 = 0.388, p 
= 0.003) in Mast colony.  
 
Identification of bacterial community ‘enterotypes’ in L. humile 
 Argentine ant bacterial communities were assorted into four bacterial 
community clusters (i.e. enterotypes), defined at the 97% OTU level, with the 
highest Calinski-Harabasz support (Calinski-Harabasz = 0.9977, Table S4-4), 
as illustrated by principal coordinate analysis based on the Jensen-Shannon 
divergence distance matrix (Figure 4-3A). These four enterotypes were 
distinguished by the identities of dominant indicator OTUs, namely OTU0002 
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from the Lactobacillales (enterotype 1), OTU0003 from the Rhodospirillales 
(enterotype 2), OTU0004 from the Enterobacteriales (enterotype 3) and 
OTU0007 from the Rickettsiales (enterotype 4), with indicator P-values ≤ 
0.001 (Figure 4-3B, Table S4-5). 
 Enterotype assignments were similar between Argentine ants from 
Argentina and the Large California supercolony, with the frequent appearance 
of both enterotypes 1 and 2. Enterotype 4 was unique to the invasive range, 
and was most confined to Argentine ants from theLake Skinner and Lake 
Hodges supercolonies. In lab-read Argentine ants from dietary manipulation 
experiments, enterotype 3 showed high prevalence under the 6:1 
protein:carbohydrate regime. In contrast, native enterotypes 1 and 2 were 
uncovered for workers feeding on the 1:6 protein:carbohydrate diet (Figure 
4-3C). 
 
Phylogenetic survey of the dominant bacteria taxa in L. humile  
 Maximum lkelihood phylogenetic analyses of the 16S rRNA gene 
revealed that indicator bacterial taxa OTU0003 and OTU0007 for enterotypes 
2 and 4, respectively, as well as OTU0011 and OTU0017, were closely related 
to other insect-associated microbes (Figure 4-4). Specifically, OTU0003 from 
Rhodospirillales was similar to sequences found mainly in Pseudomyrmex ant 
species.  However, indicator OTU0001 from Lactobacillales of enterotype 1 
grouped with free-living environmental bacteria that were not closely related 
to those found in other insect associated microbes (Figure 4-4). Another 
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indicator bacterium, OTU0004 from Enterobacteriales of enterotype 3, 
grouped with gut microbes from a clade with bacteria from other insects or the 
environment, but distantly related to Enterobacteriales from other ant species. 
OTU0007 from Rickettsiales was closely related to endosymbionts in other 
arthropods, while both OTU0011 from Wolbachia and OTU0017 from 
Entomoplasmatales were similar with other ant-associated endosymbionts. 
 
Functional analysis 
 Many functional categories at level 2 KOs predicted by PICRUST differed 
significantly among enterotypes (Figure 4-5). This included metabolic 
categories of potential symbiotic importance (eg. carbohydrate metabolism, 
metabolism of cofactors and vitamins), except amino-acid metabolism and 
metabolism of other amino acids. 
 
Discussion 
 While both direct (Feldhaar et al. 2007) and indirect evidence (Anderson 
et al. 2012; Russell et al. 2009) suggest major roles for microbial symbionts in 
the success of ant herbivores, it cannot be established whether these symbioses 
accompanied trophic shifts or whether they arose sometime thereafter. For this 
reason, the contributions of my present study go beyond an investigation of an 
invasive species’ microbiome, helping to understand the potential for bacterial 
symbionts to have facilitated the incipient stages of shifts to sugar-rich, low 
trophic level diets. 
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 It is important to note, in this light, that I found no evidence for a major 
shift in symbioses in association with Argentine ants’ invasion into the 
southwestern United States. I also found no changes in the microbiota during a 
multi-year period of trophic reduction in Rice Canyon, CA. In fact, Argentine 
ants were notable for their very low densities of bacteria, raising questions 
about the extent to which this insect invests in microbial symbioses. 
 In spite of low bacterial abundance, this ant species contains its own 
specific symbionts, which are highly related to bacteria with known capacities 
to thrive within sugar-rich habitats. But while one of these symbionts comes 
from a group with known potential for synthesis of essential nitrogen 
(Rhodospirillales OTU0003), this was not the dominant symbiont in most ants, 
appearing absent from many. When present, it appears that this and many other 
bacteria were found at low density across most workers. This differs from 
trends seen in other herbivorous ants, including Cephalotes varians-including 
here for comparison. And, combined, this finding adds to a body of evidence 
arguing against a major role for bacteria as drivers of the Argentine ants’ 
invasive trophic shift.  
 
Community composition and likely functional implications 
 Many bacterial taxa are found in Cephalotes ants, which are the currently 
the ant herbivores with the most thoroughly characterized microbiomes. Core 
bacterial taxa of Cephalotes come from the bacterial orders Rhizobiales, 
Burkholderiales, Optituales, Pseudomonadales and Xanthomonadales, and all 
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belong to Cephalotes-specific clades (Anderson et al. 2012; Russell et al. 
2009). Notably, Rhizobiales and Burkholderiales from ant-specific lineages, 
which include these Cephalotes associates, are each distributed across two or 
more additional groups of independently derived herbivorous ants, revealing a 
pattern of recurrent symbioses between specialized bacteria and ant herbivores 
(Russell et al. 2009). 
 However, the dominant bacteria found in Argentine ants differ from those 
found in the aforementioned herbivores. Instead, these microbes are closely 
related to either free-living bacteria or symbionts from sugar-rich habitats, or 
to heritable symbionts of insects. For instance, the Rhodospirillales (family: 
Acetobacteriaceae) symbionts of Argentine ants show relatedness to Asaia gut 
associates of other ants with known propensities to consume sugar-rich diets 
(Kautz et al. 2013b). Their relatives are also widely present in other insects 
subsisting on sugar-based diets, including nectar, fruit sugars, or phloem sap 
(Crotti et al. 2010). Although some bacteria from this group have been shown 
to have capabilities of nitrogen fixation (Pedraza 2008), I cannot conclude 
whether those identified here contribute to the nitrogen metabolism of 
Argentine ants. But given that these bacteria were not found in all members of 
invasive populations, it is clear that their potential for major nutritional 
contributions in invasive habitats may be limited.  
 Similarly, while Lactobacillales in Argentine ants clustered in a lineage of 
free-living, sugar-loving bacteria, they were loosely related to bacteria from 
other insects with sugar-rich diets (McFrederick et al. 2013). The dominant 
105 
 
 
Lactobacillales symbiont was represented by a single 16S rRNA genotype 
detected with Illumina amplicon sequencing across native and invasive 
habitats. A nearly full-length sequence from this microbe obtained from direct 
Sanger sequencing was found to be identical 16S rRNA gene of Lactobacillus 
florum, a bacterium from free-living habitats. This microbe lacks key 
pathways for nitrogen metabolism that could be of use to ants with apparently 
nitrogen-poor diets consisting largely of insect honeydew (Kim et al. 2013).  
 The final dominant bacterium detected from Argentine ants in this study 
was closely related to Rickettsia symbionts of a variety of insects. This group 
exhibits transovarial transmission, residing within the cells and tissues of 
insect body cavities. So unlike the two above described associates this 
bacterium is not likely to colonize the gut. In addition, bacteria from this group 
exhibit streamlined genomes (Rao et al. 2012) and many have lost the capacity 
to synthesize essential amino acids—a function conceivably of benefit to 
honeydew-consuming ants. When I combine this observation with those above, 
it becomes difficult to argue for a major role of symbiotic bacteria in the 
Argentine ants’ trophic shift.  
 
Bacterial density may be a plastic reflection of the extent of herbivory 
 Many herbivorous ants, such as Cephalotes varians, have large masses of 
gut bacteria, which are argued to provide nutritional supplementation for their 
ant hosts (Cook & Davidson 2006). However, my qPCR measures suggested 
bacterial community densities of Argentine ants were very low in comparison 
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to those from C. varians. In fact, many individual workers failed to yield 16S 
rRNA amplification with universal bacterial primers, a phenomenon not seen 
in groups of ants exhibiting long-standing symbioses (personal observations). 
However, bacterial densities appear higher in invasive versus native 
populations of Argentine ants, raising the question of whether this could reflect 
a greater investment in symbiosis.  
 My findings on lab-reared ants argue against this possibility, suggesting 
instead that this could be a plastic response to sugar rich diets. Specifically, 
lab-reared ants from two invasive colonies had bacterial densities comparable 
to those seen in native Argentina. When these ants were switched to high 
sucrose, low protein diets, bacterial community densities increased 
significantly (Figure 4-2), although communities remained dominated by 
Rhodospirillales symbionts found in natural populations.The repeatedly weak 
or failed amplification of bacterial 16S rRNA from the invasive Sweet Water 
supercolony is further consistent with my interpretation. Tillberg and 
colleagues (2007) found Sweet Water ants to have high trophic levels 
compared to other invasive supercolonies based on stable isotope profiling; in 
fact isotope data suggested comparable position on the food chain to workers 
from native habitats. The finding that this invasive supercolony had perhaps 
the lowest bacterial densities of the four sampled in my study (Table S4-1) is 
consistent with natural bacterial densities reflecting the degree of honeydew or 
sugar consumption by Argentine ant workers.  
Symbiotic specificity in Argentine ants 
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 While bacteria from Argentine ants do not belong to ancient, ant-specific 
clades, they do appear to be stable associates based on my findings. First, 
identical 16S rRNA genotypes of Rhodospirillales and Lactobacillales were 
found in Argentine ants from both native and invasive regions. In addition, 
lab-reared ants possessed these same bacteria, mostly Rhodospirillales, after 
consuming artificial diets enriched in carbohydrates. This argues for the 
stability of these associations, rather than opportunistic and transient 
associations. I would thus argue that these ants or their bacteria have evolved 
specific mechanisms enabling this persistence and specificity. A small part of 
this may extend from the abilities of Rhodospirillales and Lactobacillales to 
tolerate sugar-rich environments, habitats which may be created in these ants’ 
guts due to their extensive honeydew consumption. Yet the lack of more 
generalized associations of Rhodospirillales and Lactobacillales in favor of 
two persistent strains contrasts with patterns seen in other insects with sugar 
rich diets (e.g. Drosophila) (Wong et al. 2011). This suggests there is more to 
this observed specificity. Social bacterial transmission could be at play here, as 
could selective mechanisms evolved by these ants to retain particular bacterial 
species.  
 
Importance of symbionts in invasions of Argentine ants 
 While I cannot argue for a major role of symbionts in the recent trophic 
shift of Argentine ants, this does not completely rule out the significance of 
symbiosis in the biology of this invasive species. And, indeed, some aspects of 
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these ants’ symbioses may have changed since invasion, given my findings 
that Rickettsia symbionts were found only in invasive habitats. One might 
propose, then, some important impact of this microbe on invasive success of 
their ant hosts. Relatives of the Rickettsia found in Argentine ants are known 
to increase fitness of whitefly hosts and to defend aphids against pathogens 
(Hendry et al. 2014; Lukasik et al. 2013), making mutualistic impacts a 
possibility. Symbionts do indeed play some roles in the success of invasive 
species, as exemplified by the invasive Megacopta cribraria in the United 
States, whose novel pest-conferring Ishikawella symbionts have enabled them 
to become pests on soybean in their invasive habitat (Brown et al. 2014). 
 
Conclusions 
Implications for roles of symbiosis in evolution of ant herbivory 
 Based on my findings, I argue that bacterial symbionts may not have been 
essential precursors for the shifts to herbivory that have repeatedly taken place 
throughout the history of the ants. Given the presence of highly abundant, 
specialized symbionts across herbivores (Anderson et al. 2012; Russell et al. 
2009), and their known nutritional contributions in some hosts (Feldhaar et al. 
2007), I instead argue that symbionts are important in the maintenance and 
success of ant herbivory over broader evolutionary timescales.  
 My findings resemble those from pandas and Trinidadian guppies, whose 
shifts to more herbivorous diets have not been accompanied by notable 
changes in gut microbiota (Ley et al. 2008a; Sullam et al. 2015). This suggests 
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some inertia of gut microbiota. It also argues that broader correlations between 
the microbiome and diet across groups like insects, fish, and mammals may be 
a product of secondary microbial shifts arising in association with major 
changes to the gut and digestive physiology.  
 In conclusion, the impressive correlations between highly specialized 
ant-bacteria symbioses may not have arisen due to symbionts’ abilities to 
facilitate the origins of trophic shifts. Instead I hypothesize that nutritional 
innovations by symbiotic gut bacteria have enabled several herbivorous groups 
to diversify and dominate in prey-poor arboreal habitats sometime after their 
arrival. 
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Figure 4-1 Composition of gut communities across the ant Linepithema 
humile. Bar graphs for each library show the percentage of quality filtered 
Illumina sequence reads classified to various 97% OTUs. Rare bacterial OTUs 
(found in under 40% of libraries and with a maximum relative abundance less 
than 8% across all libraries) were combined into a single category (highlighted 
with back) (A) Bacterial communities of L. humile in both native and 
introduced populations (B) Bacterial communities of L. humile collected in 
Rice Canyon (CA, USA) at different time points since invasion in 1996. (C) 
Bacterial communities of L. humile reared on diets with differing ratios of 
carbohydrate and protein. 
(A) 
 
(B) 
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Figure 4-1 (continued) 
 
(C) 
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Figure 4-2 Box plot of 16S rRNA gene copy number quantification for 
Linepithema humile. The normalized bacterial 16S rRNA gene copy numbers 
to total DNA quantity were measured across L. humile collected from 
Argentina and Rice Canyon (collected between 1996 and 1998 and, separately, 
between 2002 and 2003) as well as L. humile reared on diets with different 
Protein:Carbohydrate ratios. Normalized bacterial 16S rRNA gene copies per 
ng total DNA of Cephalotes varians were used for comparison. Different 
letters on the top denote significant differences among groups as determined 
by analysis of variance. 
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Figure 4-3 Identification of bacterial community enterotypes in 
Linepithema humile as illustrated by PCoA. (A) Grouping of bacterial 
communities into enterotypes in L. humile. Shown are principle coordinate 
analysis visualizations of enterotypes identified by PAM clustering of the OTU 
compositions of 85 Argentine ant samples. Samples are color-coded according 
to their community enterotypes. (B) Abundance of the indicator taxa of each 
enterotype from 85 Argentine ant samples. Indicator taxa driving the 
differentiation of community enterotypes were identified using the function 
indval in the labdsv package in R. The colors represent different enterotypes. 
(C) Proportion of enterotypes across Argentine ant populations or from 
different dietary treatments. Colors represent different community enterotypes. 
Numbers inside the pie chart referred to the sample size. 
 
(A) 
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Figure 4-3 (continued) 
 
(B) 
 
(C) 
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Figure 4-4 Phylogenetic tree of dominant OTUs in Linepithema humile 
and their GenBank relatives. Shown is a maximum likelihood phylogenetic 
tree of the dominant OTUs as generated by Illumina sequencing. Those 
dominant OTUs were present in Argentine ants with a maximum relative 
abundance of over 60% in at least one non-contaminated ant sample. The inner 
circle and branch colors indicate bacterial orders and the outer circle colors 
indicate the sources from which bacteria were identified. Red and blue circles 
inside the outer circle indicated OTUs identified by Illumina sequencing and 
Sanger sequencing, respectively.  
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Figure 4-5 PICRUSt-based analysis showing predicted relative abundance 
of gene function of KEGG orthology groups for Linepithema humile 
enterotypes. Asterisks on the right represented significant differences among 
enterotypes as determined by analysis of variance. 
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CHAPTER 5 DISCUSSION AND CONCLUSION 
 
Major Findings 
 Ants are one of the world’s most dominant and diverse animal groups with 
nearly unrivaled biomass, and over 12,500 species that occupy an impressive 
range of terrestrial niches (Hölldobler & Wilson 1990; Schultz 2000). It has 
been long argued that one key to their evolutionary success has been their use 
of liquid diets, and several major taxa have been shown to rely heavily on 
exudates from plants or insects, which are often their mutualistic partners 
(Davidson et al. 2004). As stable isotope analyses suggest that many ants from 
tropical rainforest canopies exhibit trophic overlap with known herbivorous 
insects (Bluthgen et al. 2003; Davidson et al. 2003), it has been argued that 
ants’ diets may often consist largely of nitrogen-poor exudates, suggesting a 
need for nutrient provisioning by symbiotic bacteria (Cook & Davidson 2006; 
Davidson et al. 2003; Russell et al. 2009).  
 In recent years, a combination of microscopy and molecular studies have 
identified large masses of symbiotic bacteria in the guts of ants from the tribes 
Camponotini and Cephalotini, and the genera Tetraponera, Dolichoderus and 
Catualacus (Anderson et al. 2012; Russell et al. 2009; Stoll et al. 2007; van 
Borm et al. 2002). These isotopically herbivorous taxa include approximately 
2200 species (antweb.org), arguing for an importance of nutritional symbiosis 
for a substantial fraction of ant diversity. Direct evidence for nitrogen 
supplementation has only been provided for the ant tribe Camponotini, where 
obligate Blochmannia symbionts provide nutritional contributions via nitrogen 
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recycling and upgrading (Feldhaar et al. 2007). My findings in the Cephalotes 
system provide, then, just the second line of concrete evidence for the role of 
microbial symbiont in nitrogen-provisioning to “herbivorous” ants. Combined 
with my metagenomic findings supporting nutritional roles for Rhizobiales 
and Burkholderiales symbionts, and the distributions of these bacteria across 
the genera Tetraponera, Dolichoderus and Catualacus (Anderson et al. 2012; 
Russell et al. 2009), my results suggest a very likely impact of shared 
symbionts on the evolutionary success of herbivorous ants. In contrast, my 
findings from Argentine ants, do not suggest a major role for bacterial 
symbionts in their recent shifts toward herbivorous diets, suggesting that 
symbiosis may play a smaller role in the origins of such trophic shifts, shaping 
instead the success of herbivorous taxa over longer timescales. 
 
The Ant-Symbiont Holobiont 
 Below, I discuss my findings in a holobiont context, which considers both 
eukaryotes and their associated microorganisms as an integral unit of natural 
selection. Holobiont theory posits that the genetic capabilities contributed by 
microbes within holobionts can ultimately influence host adaption, evolution 
and diversification (Zilber-Rosenberg & Rosenberg 2008).  
 I first argue that the holobiont concept may apply to varying degrees 
across different ant taxa. This notion is not entirely without precedent in other 
systems—while high microbial abundance has can be seen for many symbiotic 
systems (Boucias et al. 2013; Eckburg et al. 2005; Hongoh et al. 2005), 
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bacterial symbionts are rare in some organisms, including a number of marine 
sponges, which can be nearly devoid of symbionts (Moitinho-Silva et al. 
2014). Similarly, some insects, such as fruit flies, are also associated with 
small numbers of symbiotic bacteria (Wong et al. 2011). In my dissertation 
research I discovered bacterial abundance in Argentine ants to be two to three 
orders of magnitude lower than that in Cephalotes varians. In spite of low 
bacterial abundance, the Argentine ant holobiont consisted of specific bacterial 
partners. So while microbial abundance does not suggest a major investment 
in symbiosis, the exhibited predictably of microbial associated does suggest 
some evolved specificity. 
 Holobionts develop numerous strategies to ensure continuity of 
associations with microbial symbionts among generations (Zilber-Rosenberg 
& Rosenberg 2008). For instance, some heteropteran insects reliably acquire 
their gut symbionts from the environment, as exemplified in the bean bug 
Riptortus pedestris (Kikuchi et al. 2005), while aphids transmit the obligate 
endosymbiont Buchnera via eggs transovarially (Baumann et al. 1995). In 
some respects, behavorial transmission of symbionts in social insects 
resembles the mode of inheritance for transovarially passaged symbionts 
(Koch & Schmid-Hempel 2011; Martinson et al. 2011) with foundress queens 
acquiring microbiota from parent colonies which they then transport to their 
founded colonies. Bacteria can then be transmitted via trophallaxis between 
worker siblings, as seen in termites or honeybees (Korst & Velthuis 1982; 
Wilson 1976). My observations of gut community differences across 
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Cephalotes varians colonies are consistent with a major role of 
social/behavioral transmission in this system. Gut bacteria of Argentine ants 
could also be socially transmitted, although to my knowledge there is no clear 
precedent for these ants engaging in the types of trophallaxis behaviors 
identified in other ant herbivores, including Cephalotes varians, in which such 
transfer is likely to explain the high degree of microbiome stability within 
colonies and even across Cephalotes species (Cook & Davidson 2006; Wilson 
1976). Regardless of the route of passage, it is likely that these ants have 
evolved highly selective mechanisms to retain particular bacterial species or 
strains from the order Lactobacillales and Rhodospirillales. Rickettsia 
symbionts from Argentine ants come from a lineage of transovarially inherited 
symbionts, suggesting a different mode of inheritance for these bacteria, yet 
certainly one that should facilitate the cohesion of the Argentine ant holobiont.  
 Associations between microorganisms and hosts within the holobiont 
range from transient, opportunistic forms to highly specialized interdependent 
interactions (Zilber-Rosenberg & Rosenberg 2008). Transitory microbes can 
be passed through hosts quickly and may have little influence on the biology 
and evolution of the holobiont. For example, wood-eating catfishes harbor 
transient gut bacteria which are digested with detritus (German 2009). But 
some holobionts have evolved specific mechanisms that favor the maintenance 
and specificity of some lineages of microbes. For instance, in spite of dynamic 
gut microbiota of Drosophila across individuals, lab sources, diets and 
locations (Chandler et al. 2011; Corby-Harris et al. 2007; Wong et al. 2011), 
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certain bacterial taxa, such as Rhodospirillales, recur in the same species, a 
likely reflection of adaptation to the host gut niche by selective lineages or of 
evolved specificity on the part of the fruit fly gut environment. In contrast to 
bacterial specificity at a lower taxonomic levels (e.g. “species, as defined by 
97% OTUs), identical bacterial strains from Rhodospirillales and 
Lactobacillales are present in ants from both invasive and introduced regions, 
and even in ants reared on artificial diets enriched in carbohydrates. The 
stability of these associations may be favored by specific selective 
mechanisms developed by hosts and, partially, by the abilities of 
Rhodospirillales and Lactobacillales to tolerate the specific physiological 
conditions of these ants’ gut environments, which are hyperosmotic and low in 
pH. 
 It is unclear whether the associations between their recurrent microbes and 
Argentine ants are long-standing. But certainly, the identity of one symbiont to 
a free-living microbe at 16S rRNA suggests that symbionts may have been 
recently “domesticated”. This contrasts to more extreme scenario for holobiont 
stability, in which partners exhibit highly stable, long-standing associations 
that have transcended numerous speciation events. Gut bacteria from C. 
varians fall into this category, with 16 core species all coming from one of ten 
Cephalotes-specific lineages (Anderson et al. 2012; Russell et al. 2009). As 
these bacteria have likely been co-diversifying, symbiotic partners of 
cephalotines for over 46 million years (Sanders et al. 2014), it is clear that 
they exhibit very high integration into their hosts’ histories. 
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 Cooperation between hosts and their associated microbes influences the 
fitness of the holobiont, with beneficial microbial services including nutrient 
supplementation, digestion, defense (Zilber-Rosenberg & Rosenberg 2008). In 
some cases, hosts and microbes cannot survive without each other, exhibiting 
an obligate co-dependence. Aphids and Buchnera provide a good example of 
such absolute interdependence. Host aphids provide shelter and nutrients 
(carbon, non-essential amino acids, etc.) for Buchnera, which, in turn, supply 
aphids with essential amino acids that are missing in their plant sap diets 
(Baumann et al. 1995; Douglas 1998). In most cases, microbial partners in 
most holobionts play important roles for hosts in respect to their adaptation 
and evolution (Zilber-Rosenberg & Rosenberg 2008). But while symbiotic 
bacteria may not be 100% essential for growth and reproduction of hosts, they 
influence many different aspects of hosts’ biology. One good example can also 
be seen in aphids, whose secondary endosymbionts provide defense or heat 
tolerance for hosts (Oliver et al. 2003; Russell & Moran 2006). In my ant 
system, the ancient “herbivorous” ant C. varians survived without gut bacteria 
as adults, yet their ubiquitous associations with stable nutritional gut 
symbionts is a likely reflection of the major fitness benefits conferred by these 
microbes and of the importance of nitrogen-provisioning, among other 
functions, in the success of arboreal cephalotine ants 
 Holobionts can meet the challenges of a changing environment by 
generating variation through microbial amplification, acquisition of new 
microbes or horizontal gene transfer between microbes (Zilber-Rosenberg & 
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Rosenberg 2008). As seen in my ant system, one strain of Rhizobiales was 
found to proliferate in pollen-fed C. varians, suggesting a potential role in the 
breakdown of pollen cell walls, which could aid in the use of interior nutrients. 
Perhaps similarly, when Argentine ants were introduced to sugar rich diets it 
appears that their gut bacteria may proliferate. 
 In addition, acquisition of new symbionts can introduce new genetic 
capabilities to hosts and affect the phenotypes of holobionts, further 
facilitating the adaption or evolution of holobionts to novel environments 
(Zilber-Rosenberg & Rosenberg 2008). For example, the invasive Megacopta 
cribraria in the United States acquires novel pest-conferring Ishikawella 
symbionts which enable them to become pests on soybean in their invasive 
habitat (Brown et al. 2014). Similarly, Rickettsia symbionts were found only 
in invasive habitats of Argentine ants. Given the know role of relatives of the 
Rickettsia found in Argentine ants in defense against pathogens in aphids and 
whitefly (Hendry et al. 2014; Lukasik et al. 2013), I would argue that this 
microbe play an important role in Argentine ant’s invasion. 
 
Future directions 
Cephalotes ants 
 Although behavioral studies suggest that Cephalotes ants feed on 
extrafloral nectar, honeydew, pollen, bird droppings, and mammalian urine (de 
Andrade & Baroni-Urbani 1999; Powell 2008), the feeding biology of C. 
varians is still not clear. Exploration of diets of C. varians is needed for us to 
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better understand the nutritional roles of gut symbionts in ant nutrition. In the 
context of my exploration of diet in this species, my studies on symbiont 
function will expand beyond nitrogen-provisioning to include functions such 
as vitamin provisioning, digestion, and detoxification of food toxins. 
 To complement these studies I must also understand the function of 
symbionts across ant development. Holometabolous insects shed their gut 
contents during or immediately after metamorphosis, which can eliminate gut 
bacteria, thereby rendering young adult digestive tracts virtually sterile (Engel 
& Moran 2013; Moll et al. 2001). This creates the potential for elimination of 
larval gut associates in ants, like C. varians, making it interesting to 
understand how microbial gut communities of C. varians change across 
development and how metabolic and functional capabilities of gut bacteria 
differ among different developmental stages. 
Argentine ants 
 Several studies have shown that gene flow within Argentine ant 
supercolonies is higher than that between supercolonies, with clear genetic 
differentiation between these social units (Tsutsui et al. 2003). Can 
microbiome distinctions be drawn between supercolony boundaries? My work 
here has not yet addressed this question, but it would be interesting to 
investigate microbiomes of Argentine ants near the boundaries of 
supercolonies to examine whether symbiotic bacteria show distinct transitions 
across such boundaries, as opposed to trends unfolding across broader 
geographic or ecological scales.  
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APPENDICES 
Appendix A:  
Supporting Information for Chapter 2: Correlates of gut community 
composition across an ant species (Cephalotes varians) elucidate causes and 
consequences of symbiotic variability. 
 
Method 
TRFLP Methods 
PCRs for TRFLP were performed in duplicate at 25 µl volumes to help 
minimize artifacts caused by PCR bias, as described further in Table S2-2. 
After amplification, replicate PCRs were pooled and purified using the ZR-96 
DNA Clean & Concentrator™-5 kit (Zymo Research, Orange, CA). The 
restriction enzyme BstUI was chosen because of its capacity to discriminate 
between different C. varians gut bacteria based on in silico TRFLP analysis of 
454 pyrosequencing datasets generated in this study (Y. Hu and P. Łukasik, 
unpublished data).  
After purification, PCR products (100ng) were digested with 3 units of 
BstUI (NEB, Beverly, MA, USA) in a total volume of 10 µl at 60 °C for 4h. 
The restriction digests were diluted to the total DNA concentration of 
approximately 2.5 ng/µl by adding molecular grade water. Three µl of each 
diluted sample were combined with the ABI GeneScan ROX-500 internal size 
standard (Applied Biosystems, Foster City, CA, USA) and run through an ABI 
3100 capillary sequencer at the Department of Medical Genetics DNA 
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Sequencing Facility (University of Pennsylvania, School of Medicine). To 
minimize the generation of artifact peaks, I settled on a loading concentration 
of less than 5 ng/µl (Y. Hu and P. Łukasik, unpublished data), an approach that 
has been recommended in at least one other study (Yu et al. 2005).  
 TRFLP data were analyzed using GeneMarker v2.2 (SoftGenetics LLC, 
Pennsylvania, USA), and terminal restriction fragments (TRFs) between 50 bp 
and 500 bp were considered in further analyses. Peaks with heights (i.e. 
Relative Fluorescent Units or RFUs) less than 0.5% of the total peak height 
were excluded in order to avoid background artifacts. The relative abundance 
of each remaining TRF in a TRFLP profile was then determined by calculating 
the ratio between the peak height of the TRF (in RFUs) and the total peak 
height of all TRFs above the threshold from the same profile.  
The observed TRF sizes were cross-referenced with predicted TRF sizes 
generated by in silico digestions of my 454 pyrosequencing data. In short, the 
first BstUI recognition site at the 5' end of my 16S rRNA amplicons was 
predicted from each of my 454 sequences. Expected TRF sizes were recorded 
and used to generate the in silico TRFLP profile (Table S2-3). Taxonomic 
information of sequences used for in silico TRFLP analysis was then assigned 
to each predicted TRF to aid in annotation. Actual TRFLP patterns were quite 
similar to those predicted from the 454-based in silico analysis (Table S2-3), 
even though lengths typically differed by a few base pairs. Similar differences 
have been reported by other authors (Kaplan & Kitts 2003; Kitts 2001). 
Furthermore, Sanger sequencing vs. TRFLP performed on cloned 16S rRNA 
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sequences from C. varians symbionts revealed a similar difference between in 
silico predictions and actual fragment sizes (see Table S2-3 for size 
comparisons; see Funaro et al. 2011 for methodological details on cloning). 
For these reasons, I am confident in my abilities to assign many of my TRFLP 
fragments to specific bacterial taxa.  
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Supplementary Figures and Tables 
 
Figure S2-1: Frequency histogram showing the degree of core bacterial 
species domination across libraries. 
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Figure S2-2: Taxon-specific 16S rRNA phylogenies showing phylogenetic 
placement for all OTUs in Cephalotes varians guts. Maximum likelihood 
phylogenies are shown for the Bacteroidetes, Burkholderiales, 
Gammaproteobacteria, Opitutales, Alphaproteobacteria (primarily 
Rhizobiales), and for all other taxa showing relatedness to C. varians gut 
associates. Core OTUs, indicated with asterisks, all fell into ant-specific clades. 
Datasets (and sequence names) were mostly identical to those in Anderson et 
al. , with inclusion of ant-associated OTUs identified in this study, and trees 
were rooted using selected outgroup lineages included in that study. However, 
the “Other Bacteria” dataset was assembled based on selection of the top three 
BLASTn hits for each relevant C. varians associated OTU found in this study. 
The first (inner-most) color strip on each phylogeny identifies host or 
environment of origin. The second strip (for all but the “Other Bacteria” tree) 
indicates the phylogenetic placement of previously identified (i.e. Anderson et 
al. 2012) ant-specific lineages (note that monophyly was recovered for most 
but not all of these, here). From there, the next four strips act as heat maps 
indicating the prevalence of the identified OTUs across various scales 
(represented here by just one sequence per 97% group). Finally, the outer-most 
color strip reveals whether the OTU was also found in any of the 
environmental samples. (see online supplementary material with 
corresponding manuscript: 
http://onlinelibrary.wiley.com/doi/10.1111/mec.12607/suppinfo) 
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Figure S2-3: PCoA of gut microbial communities from field-caught ants 
showing variation between colonies (weighted UniFrac measure). 
 
 
Figure S2-4: Rarefaction analyses of microbial communities from 
individual field-caught workers spanning seven Cephalotes varians 
colonies. 
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Figure S2-5: Bacterial composition of gut bacteria from 8 field-caught and 
8 lab-reared Cephalotes varians from two colonies. Bar graphs for each 
library (one column = gut community from a single field-caught worker) show 
the percentage of denoised and quality controlled 454 sequence reads 
classified to selected 97% OTUs (note, Y-axis refers to % library composition). 
Rare bacterial OTUs (found in <half of sequence libraries and never exceeding 
a relative abundance of 4%) were lumped into a single category for 
simplification. OTU colors were selected such that related bacteria showed 
different variants of the same color. Bacterial orders to which these OTUs 
were assigned are indicated in the color key. Pictured here are results from 
field-caught vs. lab-reared ants, helping to illustrate overall stability of 
microbial gut communities in spite of some shifts (i.e. OTU004 proliferation 
and OTU013 decline). 
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Figure S2-6: Principal Coordinates Analysis (PCoA) of gut microbial 
communities of field-caught and lab-reared Cephalotes varians from two 
colonies (Bray-Curtis approach). Communities from the same colony are 
represented by the same color. Those from field-caught ants are represented by 
dark-shaded symbols, while lab-reared ants correspond to light-shaded 
symbols. 
 
 
 
 
 
 
 
Figure S2-7: Principal Coordinates Analysis (PCoA) of gut microbial 
communities of field-caught and lab-reared Cephalotes varians from two 
colonies (weighted UniFrac approach). Communities from the same colony 
are represented by the same color. Those from field-caught ants are 
represented by dark-shaded symbols, while lab-reared ants correspond to 
light-shaded symbols. 
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Figure S2-8: Principal Coordinates Analysis (PCoA) of microbial 
communities from field-caught Cephalotes varians and environmental 
sources (weighted UniFrac approach). Different colors represent bacteria 
from different types of environmental samples or those from ants of different 
colonies. 
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Figure S2-9: Distributions of bacterial OTUs across Cephalotes varians 
workers and the surrounding environment. This network-based analysis of 
bacterial communities from C. varians workers and their surrounding 
environment reveals overlapping and unique bacterial species (97% OTUs) 
across 35 C. varians workers and six environmental samples (i.e. bark from 
mangrove twigs, wood from an internal C. varians nest surface, and lichen on 
mangrove tree branches). Lines connecting the sampled communities 
(triangles) to their harbored OTUs are color-coded by ant samples (blue), bark 
samples (turquoise), internal wood samples (yellow) and lichen samples 
(green). OTUs unique to individual samples are indicated with diamonds, 
while circles reveal OTUs that are shared among different samples. 
Circle/diamond size is proportional to relative OTU abundance. There were 
eight shared OTUs between ant samples and environmental samples 
(represented by red circles), including three core C. varians OTUs.
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Figure S2-10: Taxonomic composition of gut bacteria from pollen-fed ants 
and those at the start of the second dietary manipulation experiment. Bar 
graphs for each library represent the percentage of bacterial species classified 
to each order with ≥ 50% bootstrap confidence. C. varians colony IDs are 
listed along the x-axis. Colors in each bar represent different bacterial orders 
and are the same as in Figure 1.
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Table S2-1: Collection information for the ant colonies utilized in this study 
 
Colony Collection locality 
Latitude and 
Longitude 
Elevation Date collected Collector's name 
Project for which each colony was 
used 
CSM1884 
USA: Florida, Monroe Co., Key Largo, 
John Pennekamp S.P., Mangrove trail 
25˚07.431'N, 
080˚24.169'W 
1m Oct. 9, 2010 Corrie Saux Moreau Field caught ant survey 
CSM1957 
USA: Florida, Monroe Co., Key Largo, 
Crocodile Lake Nat'l Wildlife Refuge, Post 
169 canal 
25˚13.585'N, 
080˚19.958'W 
6m Oct. 11, 2010 Corrie Saux Moreau Field caught ant survey 
CSM1973 
USA: Florida, Monroe Co., Key Largo, 
Crocodile Lake Nat'l Wildlife Refuge, Post 
169 canal 
25˚13.585'N, 
080˚19.958'W 
6m Oct. 11, 2010 Corrie Saux Moreau 
Field caught ant survey; 
Dietary-manipulation survey 
(experiment 1) 
CSM1980 
USA: Florida, Monroe Co., Key Largo, 
Key Largo Hammock Botanical S.P., post 
94 
25˚16.513'N, 
080˚18.133'W 
1m Oct. 12, 2010 Corrie Saux Moreau Field caught ant survey 
CSM2029 
USA: Florida, Monroe Co., Tea Table Key, 
side of Hwy 1 
24˚53.814'N, 
080˚39.689'W 
0m Oct. 15, 2010 Corrie Saux Moreau 
Dietary-manipulation survey 
(experiment 1) 
CSM2037 
USA: Florida, Monroe Co., Tea Table Key, 
side of Hwy 1 
24˚53.814'N, 
080˚39.689'W 
0m Oct. 15, 2010 Corrie Saux Moreau Field caught ant survey 
CSM2086 
USA: Florida, Monroe Co., No Name Key, 
0.5mi on Watson Rd from bridge 
24˚41.870'N, 
081˚20.431'W 
0m Apr. 7, 2011 Corrie Saux Moreau 
Dietary-manipulation survey 
(experiment 1) 
CSM2207 
USA: Florida, Monroe Co., Key Largo 
Hammock Botanical S.P., mangrove swamp 
on trail 
25˚10.863'N, 
080˚21.637'W 
15m Apr. 10, 2011 Corrie Saux Moreau 
Dietary-manipulation survey 
(experiment 1) 
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Table S2-1 (continued) 
 
Colony Collection locality 
Latitude and 
Longitude 
Elevation Date collected Collector's name 
Project for which each colony was 
used 
YH054 
USA: Florida, Monroe Co., No Name Key, 
Watson St at Bogie Channel Bridge 
24˚41.871'N, 
080˚20.424'W 
2m Aug. 31, 2011 Yi Hu 
Dietary-manipulation survey 
(experiment 2) 
YH062 
USA: Florida, Monroe Co., No Name Key, 
Watson St at Bogie Channel Bridge 
24˚41.871'N, 
080˚20.424'W 
2m Aug. 31, 2011 Yi Hu 
Dietary-manipulation survey 
(experiment 2) 
YH064 
USA: Florida, Monroe Co., Key West, 
Little Hamaca Park 
24˚33.604'N, 
080˚45.832'W 
2m Sep. 1, 2011 Yi Hu 
Field caught ant survey; Field caught 
vs. lab-reared ant survey 
YH075 
USA: Florida, Monroe Co., Key West, 
Little Hamaca Park 
24˚33.604'N, 
080˚45.832'W 
2m Sep. 1, 2011 Yi Hu 
Field caught ant survey; Field caught 
vs. lab-reared ant survey 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1
5
6
 
Table S2-2: Information on PCR conditions. 
 
Gene Primer 1 Primer 2 Primer Reference Purpose PCR Cocktail (25 ul volume) PCR Cycling Conditions 
Insect 
COI 
BEN (5' 
GCTACTACATA
ATAKGTATCAT
G3') 
LCO1490 (5' 
GGTCAACAAA
TCATAAAGAT
ATTGG 3') 
Folmer, O., M. Black, W. Hoeh, R. Lutz, and 
R. Vrijenhoek. 1994. DNA primers for 
amplification of mitochondrial cytochrome c 
oxidase subunit I from diverse metazoan 
invertebrates. Mol Mar Biol Biotechnol 
3:294-299. 
measures of 
ant mtDNA 
divergence 
12.5µl of 2X MyTaq™ HS Red Mix (Bioline 
USA, Inc; Randolph, MA), 0.2μM of each 
primer (Invitrogen, Carlsbad, CA), 0.6mM of 
MgCl2 (Invitrogen, Carlsbad, CA), 6.9µl of 
PCR water (Sigma) and 1µl of DNA template 
1 cycle of 95°C for 90s; 
30 cycles of 35s at 95°C, 
55s at 55°C and 60s at 
72°C; 1 cycle of  72°C 
for 60min 
Fungal 
ITS 
ITS1f (5' 
CTTGGTCATTT
AGAGGAAGTA
A 3') 
ITS4 (5' 
TCCTCCGCTTA
TTGATATGC 3') 
Gardes, M. and T. D. Bruns. 1993. ITS 
primers with enhanced specificity for 
basidiomycetes--application to the 
identification of mycorrhizae and rusts. Mol 
Ecol 2:113-118. 
identification 
of fungi from 
lichen 
12.5µl of 2X MyTaq™ HS Red Mix (Bioline 
USA, Inc; Randolph, MA), 0.2μM of each 
primer (Invitrogen, Carlsbad, CA), 0.6mM of 
MgCl2 (Invitrogen, Carlsbad, CA), 6.9µl of 
PCR water (Sigma) and 1µl of DNA template 
1 cycle of 95°C for 90s; 
30 cycles of 35s at 95°C, 
55s at 55°C and 60s at 
72°C; 1 cycle of  72°C 
for 60min 
16S rRNA 
9Fa-6FAM (5' 
GAGTTTGATCI
TIGCTCAG 3') 
1513R (5' 
TACIGITACCTT
GTTACGACTT 
3') 
Russell, J. A., C. S. Moreau, B. 
Goldman-Huertas, M. Fujiwara, D. J. 
Lohman, and N. E. Pierce. 2009. Bacterial 
gut symbionts are tightly linked with the 
evolution of herbivory in ants. Proceedings of 
the National Academy of Sciences of the 
United States of America 106:21236-21241. 
amplification 
of 16S rRNA 
for TRFLP 
analysis 
12.5µl of 2X MyTaq™ HS Red Mix (Bioline 
USA, Inc; Randolph, MA), 0.48μM of each 
primer (Invitrogen, Carlsbad, CA), 0.6mM of 
MgCl2 (Invitrogen, Carlsbad, CA), 6.1µl of 
PCR water (Sigma) and 1µl of DNA template 
1 cycle of 95°C for 1min; 
35 cycles of 15s at 95°C, 
15s at 50°C and 20s at 
72°C; 1 cycle of 72°C for 
2min 
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Table S2-3: Predicted and observed 16S rRNA TRFs along with their shifts in the second dietary experiment. Sizes of actual TRFs found 
through TRFLP are shown in column A. Sizes of TRFs predicted from 454 sequence libraries are indicated in Column E, while Column F shows 
which of my 454 sequence OTUs were predicted to yield such a size. Actual and predicted sizes of TRFs (matching those in columns A and E) 
from cloned 16S rRNA sequences are shown in Columns C and D, respectively. Note that the consistent difference here between the predicted 
size and observed sizes in columns C and D match the discrepancies between 454 vs. actual TRFLP data in columns E and A. Given this 
consistency, I can confidently classify the observed TRFs to particular bacterial taxa based on analyses of their corresponding DNA sequences. I 
also indicate here whether TRFs of an observed size shifted in relative abundance during the 2
nd
 dietary experiment. 
 
Actual TRF length 
(bp) 
TRF average relative 
abundance (%) across all 
TRFLP profiles 
Clone libraries 454 libraries 
Order level 
assignment based on 
RDP 
Altered 
OTU 
abundance 
in 2nd 
dietary 
experiment 
Predicted 
TRF length 
(bp) 
Observed 
TRF length 
(bp) 
Predicted 
TRF length 
(bp) 
OTU ID 
55.2 6.042  60 55.2 60 OTU4,OTU18 Rhizobiales   
61.5 6.245  66 61.5 66 OTU6,OTU12 Burkholderiales   
92.7 2.566  96 92.7 96 OTU4,OTU35 Rhizobiales yes 
95 1.418  98 95 98 OTU4,OTU10 Rhizobiales   
102.7 0.967  ~ ~ 106 OTU17 Flavobacteriales   
105.8 0.924  108 105.8 108 OTU5 Sphingobateriales   
140.3 3.232  143 140.3 143 OTU6,OTU8 Burkholderiales yes 
141.1 4.447  ~ ~ 144 OTU6,OTU8 Burkholderiales   
142.1 1.131  ~ ~ 145 OTU6,OTU8 Burkholderiales   
164.4 7.112  165 164.4 165 OTU5 Pseudomonadales   
202.5 0.695  204 202.5 204 OTU15 Burkholderiales   
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Table S2-3 (continued) 
 
Actual TRF length 
(bp) 
TRF average relative 
abundance (%) across all 
TRFLP profiles 
Clone libraries 454 libraries 
Order level 
assignment based on 
RDP 
Altered 
OTU 
abundance 
in 2nd 
dietary 
experiment 
Predicted 
TRF length 
(bp) 
Observed 
TRF length 
(bp) 
Predicted 
TRF length 
(bp) 
OTU ID 
208.4 0.122  ~ ~ ~ ~ ~   
210.4 10.221  ~ ~ 210 OTU3 Xanthomonadales   
211.7 0.356  ~ ~ 211 ~ ~   
220.8 15.004  220 220.8 220 OTU2 Xanthomonadales   
247.4 21.177  ~ ~ 246 OTU1 Opitutales   
262 0.272  ~ ~ 261 OTU14 Lactobacillales   
360.4 0.011  ~ ~ ~ ~ ~   
372.2 0.162  ~ ~ ~ ~ ~   
375.4 0.726  ~ ~ ~ ~ ~   
384.6 0.343  ~ ~ ~ ~ ~   
386.9 4.336  ~ ~ 389 OTU7,OTU13,OTU19 Burkholderiales   
388.6 4.336  390 388.6 390 OTU7,OTU13,OTU19 Burkholderiales   
390.1 3.173  ~ ~ 391 OTU7,OTU13,OTU19 Burkholderiales   
395.7 0.616  ~ ~ ~ ~ ~   
399.7 3.442  ~ ~ 397 OTU22 Campylobacterales   
407.8 0.922  ~ ~ 412 OTU1 Opitutales   
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Table S2-4: OTU table from ant gut community samples and environmental samples. The columns correspond to samples (i.e. individual or 
pooled ant guts vs. environmental samples) and rows correspond to OTUs. Numbers reveal relative read abundances for the given OTU within 
each library. Also indicated are annotations of each OTU along with basic statistics on the number of denoised, quality controlled reads and the 
number of OTUs per library. (see online supplementary material with corresponding manuscript: 
http://onlinelibrary.wiley.com/doi/10.1111/mec.12607/suppinfo). 
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Table S2-5: Information on the core bacterial species (97% OTUs) from Cephalotes varians and their detection in the environment.  
97% OTU 
ID 
average 
relative 
abundance 
Percentage of 
colonies housing the 
specific bacteria (9 
colonies in total) 
bacterial orders 
Top BLASTn hit to representative ant 
sequence 
Environmental 
sample with 
shared OTU 
Top BLASTn hit for 
environmental sequences 
assigned to this OTU 
OTU001 0.4660  100% Opitutales  
JQ254583 (Opitutales bacterium from 
Cephalotes varians) 
none N.A. 
OTU002 0.0885  100% Xanthomonadales 
JQ254618 (Xanthomonadales bacterium 
from Cephalotes varians) 
none N.A. 
OTU003 0.0793  88.89% Xanthomonadales 
JQ254412 (Xanthomonadales bacterium 
from Cephalotes varians) 
none N.A. 
OTU004 0.0807  100% Rhizobiales 
JQ254586 (Rhizobiales bacterium from 
Cephalotes varians) 
1 out of 2 nest 
cavity wood 
samples (7 
reads) 
JQ254584 (Rhizobiales 
bacterium from Cephalotes 
varians; 98-99% identity) 
OTU005 0.0648  100% Pseudomonadales 
JQ254373 (Gammaproteobacteriums 
bacterium  from Cephalotes varians) 
1 out of 2 
lichen samples 
(1 read) 
JQ254374 (Pseudomonadales 
bacterium from Cephalotes 
varians; 96% identity) 
OTU006 0.0382  100% Burkholderiales 
JQ254478 (Burkholderiales bacterium 
from Cephalotes varians) 
1 out of 2 
lichen samples 
(1 read) 
JX990279 (Burkholderiales 
bacterium from Cephalotes 
varians; 99% identity) 
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Table S2-5 (continued) 
97% OTU 
ID 
average 
relative 
abundance 
Percentage of 
colonies housing the 
specific bacteria (9 
colonies in total) 
bacterial orders 
Top BLASTn hit to representative ant 
sequence 
Environmental 
sample with 
shared OTU 
Top BLASTn hit for 
environmental sequences 
assigned to this OTU 
OTU007 0.0290  88.89% Burkholderiales 
FJ477624 (Burkholderiales bacterium 
from Cephalotes varians) 
none N.A. 
OTU008 0.0222  100% Burkholderiales 
JQ254474 (Burkholderiales bacterium 
from Cephalotes varians) 
none N.A. 
OTU012 0.0168  100% Burkholderiales 
JQ254864 (Burkholderiales bacterium 
from Cephalotes varians) 
none N.A. 
OTU013 0.0108  100% Burkholderiales 
JQ254766 (Burkholderiales bacterium 
from Cephalotes varians) 
none N.A. 
OTU015 0.0114  88.89% Burkholderiales 
JQ254468 (Burkholderiales bacterium 
from Cephalotes varians) 
none N.A. 
OTU016 0.0110  88.89% Sphingobacteriales 
JQ254381 (Sphingobacteriales bacterium 
from Cephalotes varians) 
none N.A. 
OTU017 0.0100  77.78% Flavobacteriales 
JQ254370 (Flavobacteriales bacterium 
from Cephalotes varians) 
none N.A. 
OTU019 0.0066  100% Burkholderiales 
FJ477675 (Burkholderiales bacterium 
from Cephalotes varians) 
none N.A. 
OTU022 0.0041  100% Campylobacterales 
JQ254487 (Campylobacterales bacterium 
from Cephalotes varians) 
none N.A. 
OTU035 0.0028  100% Rhizobiales 
JQ254584 (Rhizobiales bacterium from 
Cephalotes varians) 
none N.A. 
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Table S2-6: ANOVA results for bacterial OTUs with varying abundance across field-caught Cephalotes varians colonies. In addition to 
p-values, I also include relative abundance values averaged across workers from each colony. Conditional color formatting was used to indicate 
high (red) vs. low (blue) relative abundance. 
 
OTU 
Bonferroni 
corrected p value 
Average relative  OTU abundance in different colonies Bacterial orders 
which OTUs is 
classfied to 
Core gut 
microbe CSM1980 CSM2037 CSM1973 CSM1884 CSM1957 YH064 YH075 
1 9.09E-03 0.336338 0.186535 0.781444 0.822247 0.493171 0.491933 0.309853 Opitutales yes 
2 5.21E-03 0.077062 0.11988 0.067807 0.017256 0.058687 0.083265 0.197891 Xanthomonadales yes 
3 3.16E-05 0.082979 0.003092 0.006416 0.003061 0 0.205204 0.177996 Xanthomonadales yes 
4 2.81E-03 0.030787 0.211233 0.035336 0.049737 0.050518 0.023836 0.030991 Rhizobiales yes 
5 0.037 0.132485 0.088143 0.011019 0.014638 0.119913 0.031402 0.05282 Pseudomonadales yes 
7 9.38E-06 1.49E-01 0.023943 0.01169 0.013961 4.84E-02 0 0.019716 Burkholderiales yes 
8 0.007 0.030432 0.030996 0.008314 0.002757 0.060751 0.029409 0.019505 Burkholderiales yes 
13 1.81E-06 0.008353 0.008053 0.000851 0.001026 0.007799 0.02257 0.024822 Burkholderiales yes 
16 0.014 0.045401 0.013804 0 0.010303 0.02057 0.007414 0.004154 Sphingobacteriales yes 
19 7.01E-05 0.008235 0.018418 0.002749 0.000459 2.34E-05 0.010957 0.011244 Burkholderiales yes 
 
 
 
 
 
 
 
 
 
 
 
 
1
6
3
 
 
Table S2-7: Alpha diversity statistics for gut bacterial communities across Cephalotes varians colonies. Values were derived by taking the 
average across workers from each respective colony.  
 
 
Colony Treatment 
the Chao1 nonparametric 
richness estimator 
observed species richness 
CSM1980 Field-caught 18.06  16.42  
CSM2037 Field-caught 20.42  18.20  
CSM1973 Field-caught 16.50  14.68  
CSM1884 Field-caught 15.39  13.40  
CSM1957 Field-caught 17.77  16.37  
YH064 
Field-caught 16.24  14.98  
Lab-reared 16.12  12.43  
YH075 
Field-caught 16.54  16.83  
Lab-reared 20.30  17.30  
    
*rarified to 910 per library 
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Table S2-8: Genetic distances of ants from different colonies (below diagonal) and Bray-Curtis distances of gut bacterial communities 
from ants across different colonies (above diagonal). Conditional color formatting was used to indicate high (red) vs. low (blue) 
genetic/community divergence. 
 
  CSM1980 CSM2037 CSM1973 CSM1884 CSM1957 YH064 YH075 
CSM1980 - 0.5863  0.5010  0.5493  0.4225  0.3909  0.4488  
CSM2037 0.0000  - 0.6634  0.6918  0.5849  0.6087  0.6129  
CSM1973 0.0000  0.0000  - 0.2314  0.3762  0.3562  0.5289  
CSM1884 0.0000  0.0000  0.0000  - 0.4289  0.4457  0.6107  
CSM1957 0.0000  0.0000  0.0000  0.0000  - 0.4421  0.5444  
YH064 0.0070  0.0070  0.0070  0.0070  0.0070  - 0.3358  
YH075 0.0080  0.0080  0.0080  0.0080  0.0080  0.0010  - 
 
 
Table S2-9: ANOVA results for bacterial OTUs with varying abundance across field-caught vs. lab-reared Cephalotes varians colonies. In 
addition to p-values, I also included relative abundance values averaged across workers from each colony. Conditional color formatting was used 
to indicate high (red) vs. low (blue) relative abundance. 
 
OTU 
Bonferroni 
corrected 
p value 
Average relative OTU abundance 
Bacterial order  field-caught C. 
varians 
lab-reared C. varians 
4 0.0034006 0.027412884 0.188774802 Rhizobiales 
13 0.03322394 0.023695456 0.010795982 Burkholderiales 
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Table S2-10: Heat map of eight shared OTUs across ant libraries and six environmental libraries. Colors in each cell of the heat map 
reveal the relative abundance of eight shared OTUs (rows) within each C. varians ant and environmental sample (columns). Red = abundant and 
black = rare. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1
6
6
 
Table S2-11: Similarity of gut bacterial communities across Cephalotes varians fed on four different diets in first dietary manipulation 
experiment. Bray-Curtis distances are shown above the diagonal (conditional color formatting was used to indicate high (red) vs. low (blue) 
community divergence) and uncorrected Adonis test p-values are shown below the diagonal. No p-values remained significant after Bonferroni 
correction. Abbreviations for the four diets used were: AA = holidic diet with all amino acids, NAA = holidic diet with only non-essential amino 
acids, W/OAA = holidic diet without amino acids, and S = sucrose water. 
 
Colony CSM2086   
 
Colony CSM2207   
  AA  NAA  W/OAA  S  
 
  AA NAA W/OAA S 
AA -  0.292 0.285 0.241 
 
AA -  0.252 0.263 0.235 
NAA 0.236 -  0.306 0.299 
 
NAA 0.379 
 
0.238 0.192 
W/OAA 0.017 0.028 -  0.307 
 
W/OAA 0.484 0.904   - 0.209 
S 0.149 0.039 0.011 - 
 
S 0.099 0.397 0.759 -  
           
           
CSM2029 
 
CSM1973  
  AA NAA W/OAA S 
 
  AA NAA W/OAA S 
AA -  0.354 0.518 0.409 
 
AA -  0.248 0.339 0.501 
NAA 0.101 - 0.584 0.342 
 
NAA 0.574    - 0.291 0.449 
W/OAA 0.061 0.012     - 0.501 
 
W/OAA 0.024 0.048    - 0.445 
S 0.314 0.153 0.054 -  
 
S 0.087 0.267 0.269 -  
           
Note: AA=holidic diet with all amino acids, NAA=holidic diet with only non-essential amino acids, W/OAA=holidic 
diet without amino acids, S=sucrose water 
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Table S2-12: Similarity of gut bacterial communities across Cephalotes 
varians workers on three different diets in the second dietary 
manipulation experiment. Bray-Curtis distances are shown above the 
diagonal (conditional color formatting indicates high (red) vs. low (blue) 
community divergence) and Adonis test p-values are shown below the 
diagonal. 
 
Colony YH054  
  Pre-experiment Honey 
Honey+Chicken 
dropping 
Honey+pollen 
Pre-experiment -  0.239 0.229 0.311 
Honey 0.672 -  0.273 0.35 
Honey+Chicken 
dropping 
0.571 0.259 -  0.312 
Honey+pollen 0.022 0.007* 0.006* -  
     
Colony YH062 
  Pre-experiment Honey 
Honey+Chicken 
dropping 
Honey+pollen 
Pre-experiment -  0.286 0.318 0.401 
Honey 0.629 -  0.338 0.424 
Honey+Chicken 
dropping 
0.059 0.098 -  0.427 
Honey+pollen 0.035 0.018 0.002* -  
Note: "*"means the p values are statistically significant after Bonferroni correction 
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Table S2-13: Terminal restriction fragments (TRFs) with varying abundance across Cephalotes varians fed on three diets in second 
dietary manipulation experiment. In addition to p-values, relative abundances of each fragment are averaged across workers from the same 
dietary treatments. Conditional color formatting revealed high (red) vs. low (blue) relative abundance. 
 
Terminal 
restriction 
fragment(TRF
) 
Bonferroni_co
rrected p value  
Average relative abundance (across 
workers from two colonies) 
Bacterial 
orders 
Predicted 
OTU 
month0 
50% 
honey 
+chicken 
50% 
honey 
50% 
honey 
+pollen 
93bp 1.70E-06 
0.01666
2 
0.0125775 
0.01150
4 
0.1769123 Rhizobiales 
OTU004, 
OTU035 
372bp 2.38E-11 0.0015 0 0.0005 0.0110839 unidentified none 
208bp 4.89E-11 
0.00133
3 
0.00025 0 0.0123358 unidentified   
140bp 1.03E-05 
0.04130
1 
0.0391476 
0.02742
7 
0.015992 Burkhoderiales 
OTU006, 
OTU008 
375bp 0.003797649 
0.00882
7 
0.0125781 
0.00875
3 
0.0045817 unidentified none 
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Table S2-14: OTUs with varying abundance between pollen-fed ants and those at the start of the second dietary manipulation 
experiment. The RDP Lib Compare algorithm was used to compare relative abundance of OTUs (identified through 454 pyrosequencing of 16S 
rRNA) in pooled samples of pollen-fed ant guts to those from pooled sample of guts from sibling ants before the shift to pollen-feeding. In 
addition to relative abundances at different time points, I also show p-values revealing the significance of read number differences between gut 
communities at the start of experiments and two months after pollen feeding. Conditional color formatting was used to indicate high (red) vs. 
low (blue) relative abundance. Rows with bold font reveal those OTUs matching TRFs with changing abundance on the pollen diet. 
 
#OTU 
ID 
YH054 YH062 
Classification  Expected TRFs  
pre-experiment 
relative 
abundance 
pollen-fed 
month2 
relative 
abundance 
significance 
pre-experiment 
relative 
abundance 
pollen-fed 
month2 
relative 
abundance 
significance 
Otu002 0.146250424 0.0976106 7.2861E-10 0.1317798 0.06456632 4.7464E-19 Xanthomonadales  220bp  
Otu004 0.0604004 0.080834 0.000112 0.047609 0.108518 3.84E-21 Rhizobiales 60bp,96bp,98bp 
Otu018 0.008483203 0.0063549 0.02859542 0.0042186 0.00194477 0.03168089 Rhizobiales 60bp 
Otu005 0.017984391 0.0233859 0.00899819 0.019084 0.02178141 0.03263589 Pseudomonadales  165bp  
Otu006 0.0244316 0.012456 3.59E-05 0.014263 0.011669 0.036923 Burkholderiales 143bp 
Otu007 0.013912453 0.0073716 0.00125412 0.0176778 0.00427849 7.2545E-08 Burkholderiales 390bp 
Otu008 0.0183237 0.010422 0.000824 0.012053 0.00389 7.76E-05 Burkholderiales 143bp 
Otu015 0.003732609 0.0020336 0.03285668 0.0064283 0.00194477 0.00215232 Burkholderiales 204bp 
Otu019 0.007804547 0.0045755 0.01248446 0.0076336 0.00116686 3.7312E-05 Burkholderiales 390bp 
         
*samples in bold corresponded to those predicted to shift based on TRFLP  
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Table S2-15: Genotype composition of major OTUs from Cephalotes varians. The proportions of raw reads comprised by different 16S 
rRNA genotypes are shown separately (in different worksheets) for 19 OTUs. Columns with rare genotypes are hidden for ease of table viewing. 
Conditional color formatting was used to indicate high (red) vs. low (blue) relative abundance (see online supplementary material with 
corresponding manuscript: http://onlinelibrary.wiley.com/doi/10.1111/mec.12607/suppinfo). 
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Table S2-16: Adonis statistics assessing effects of colony and rearing on 16S rRNA genotype composition for each OTU. Analyses were 
performed separately for each of 17 OTUs with sufficient sample size. One set of tests (“all field workers”) was limited to ants from the field. 
The other set (“YH064 vs. YH075”) was limited to ants from two colonies, and used to disentangle stable colony differences vs. plastic 
differences due to lab rearing. Note that the latter test was not performed for OTUs found at exceptionally low abundance within either YH064 
or YH075. Significant colony-level differences among field-caught colonies (after Bonferroni correction) are highlighted in yellow. Effects of 
colony, rearing, or the interaction between these factors remaining significant after Bonferroni correction were highlighted in orange, green, and 
blue, respectively. Note that genotypic composition for three OTUs differed between YH064 and YH075 regardless of field- vs. lab-origin, 
revealing stable colony-level differences. 
 
Samples analyzed OTU ID X-variable Df SumsOfSqs MeanSqs F.Model R2 p-value 
All field workers OTU001 colony 6 5.1912 0.8652 5.2449 0.57774 1.00E-04 
YH064 vs. YH075 OTU001 
colony 1 0.00302 0.003016 0.0745 0.00427 0.90291 
rearing 1 0.05195 0.051947 1.2838 0.07356 0.27187 
colony*rearing 1 0.16563 0.165627 4.0932 0.23455 0.07319 
All field workers OTU002 colony 6 6.1592 1.02653 7.0813 0.64879 1.00E-04 
YH064 vs. YH075 OTU002 
colony 1 0.25841 0.258412 3.03054 0.17313 0.0213 
rearing 1 0.07089 0.070887 0.83133 0.04749 0.511 
colony*rearing 1 0.1401 0.140099 1.64302 0.09386 0.1373 
All field workers OTU003 colony 5 5.4889 1.09779 6.9743 0.65955 1.00E-04 
YH064 vs. YH075 OTU003 
colony 1 0.84145 0.84145 4.6524 0.28419 0.003 
rearing 1 0.18906 0.18906 1.0453 0.06385 0.3814 
colony*rearing 1 0.12176 0.12176 0.6732 0.04112 0.6263 
All field workers OTU004 colony 6 2.3567 0.39278 3.4372 0.47276 2.00E-04 
YH064 vs. YH075 OTU004 
colony 1 0.05952 0.05952 1.31 0.02107 0.23428 
rearing 1 2.05307 2.05307 45.176 0.72663 1.00E-04 
colony*rearing 1 0.16753 0.16753 3.686 0.05929 0.05579 
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Table S2-16 (continued) 
 
Samples analyzed OTU ID X-variable Df SumsOfSqs MeanSqs F.Model R2 p-value 
All field workers OTU005 colony 6 2.767 0.46116 3.4116 0.47089 2.00E-04 
YH064 vs. YH075 OTU005 
colony 1 0.09986 0.09986 0.9938 0.05038 0.4026 
rearing 1 0.55003 0.55003 5.4736 0.27748 0.0012 
colony*rearing 1 0.1265 0.1265 1.2588 0.06381 0.2634 
All field workers OTU006 colony 6 2.935 0.48916 3.4773 0.47565 1.00E-04 
YH064 vs. YH075 OTU006 
colony 1 0.6195 0.61947 3.6505 0.18976 0.0016 
rearing 1 0.2883 0.2883 1.6989 0.08832 0.11119 
colony*rearing 1 0.3203 0.32035 1.8878 0.09813 0.08109 
All field workers OTU007 colony 5 4.2718 0.85436 6.4174 0.64062 1.00E-04 
All field workers OTU008 colony 6 5.3566 0.89277 7.293 0.66544 1.00E-04 
YH064 vs. YH075 OTU008 
colony 1 0.12655 0.12655 1.1027 0.06972 0.3009 
rearing 1 0.12772 0.12772 1.1129 0.07037 0.2958 
colony*rearing 1 0.18355 0.18355 1.5994 0.10113 0.138 
All field workers OTU012 colony 6 3.2247 0.53744 3.3566 0.47793 1.00E-04 
YH064 vs. YH075 OTU012 
colony 1 0.41989 0.41989 3.3565 0.1707 0.008999 
rearing 1 0.41514 0.41514 3.3185 0.16877 0.010999 
colony*rearing 1 0.1236 0.1236 0.988 0.05025 0.414259 
All field workers OTU013 colony 6 3.4925 0.58208 5.5102 0.63505 1.00E-04 
YH064 vs. YH075 OTU013 
colony 1 0.16705 0.167046 2.8228 0.14744 0.056694 
rearing 1 0.28903 0.289034 4.8842 0.25511 0.009199 
colony*rearing 1 0.02597 0.025972 0.4389 0.02292 0.716328 
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Table S2-16 (continued) 
 
Samples analyzed OTU ID X-variable Df SumsOfSqs MeanSqs F.Model R2 p-value 
All field workers OTU015 colony 5 1.2145 0.24291 1.5427 0.28875 0.1189 
YH064 vs. YH075 OTU015 
colony 1 0.03769 0.03769 0.63838 0.04345 0.5578 
rearing 1 0.08742 0.08742 1.4807 0.10078 0.219 
colony*rearing 1 0.09287 0.092872 1.57305 0.10707 0.2092 
All field workers OTU016 colony 5 3.8145 0.7629 3.5945 0.49962 1.00E-04 
YH064 vs. YH075 OTU016 
colony 1 0.16075 0.16075 1.0772 0.05965 0.3653 
rearing 1 0.10826 0.10826 0.7255 0.04017 0.597 
colony*rearing 1 0.78441 0.78441 5.2565 0.29107 0.0027 
All field workers OTU017 colony 4 3.4281 0.85704 5.6365 0.61692 2.00E-04 
YH064 vs. YH075 OTU017 
colony 1 0.09428 0.094276 0.64634 0.05008 0.4892 
rearing 1 0.09479 0.094792 0.64988 0.05036 0.4874 
colony*rearing 1 0.0889 0.088896 0.60945 0.04722 0.5153 
All field workers OTU018 colony 1 0.09664 0.09664 0.5571 0.03827 0.5689 
All field workers OTU019 colony 6 3.618 0.603 2.8826 0.47652 1.00E-04 
YH064 vs. YH075 OTU019 
colony 1 0.03043 0.03043 0.20305 0.01495 0.9295 
rearing 1 0.25219 0.25219 1.68275 0.12386 0.1695 
colony*rearing 1 0.10497 0.10497 0.7004 0.05155 0.6033 
All field workers OTU022 colony 6 2.3767 0.39612 1.7329 0.33115 0.0157 
All field workers OTU035 colony 6 4.1062 0.68437 4.1915 0.75866 2.00E-04 
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Table S2-17: Diversity of gut communities at the genotype level. Only 
common genotypes were used for these tallies (see text for definition). These 
numbers clearly exceed those in Table S4, typically by 2-4 fold. 
Sequence 
library 
total # of bacterial types 
(assuming no inter-operonal 
variation) 
1884.1 29 
1884.2 44 
1884.3 35 
1884.4 38 
1884.5 63 
1957.1 37 
1957.2 76 
1957.3 35 
1973.1 37 
1973.2 49 
1973.3 37 
1973.4 36 
1973.5 52 
1980.1 53 
1980.2 57 
1980.3 43 
1980.4 52 
1980.5 50 
2037.1 63 
2037.3 31 
2037.4 42 
2037.5 46 
YH054M0 57 
YH054M2P 66 
YH062M0 62 
YH062M2P 50 
YH064_FW2 55 
YH064_FW3 63 
YH064_FW4 62 
YH064_FW5 52 
YH064_LW2 55 
YH064_LW3 24 
YH064_LW4 37 
YH064_LW6 65 
YH075_FW1 63 
YH075_FW2 71 
YH075_FW3 58 
YH075_FW4 66 
YH075_LW2 49 
YH075_LW3 60 
YH075_LW4 73 
YH075_LW5 60 
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Supporting File 2-1: Fasta format alignment of representative sequences 
of pyrosequencing reads (see online supplementary material with 
corresponding manuscript: 
http://onlinelibrary.wiley.com/doi/10.1111/mec.12607/suppinfo) 
 
Supporting File 2-3: Fasta format alignment of COI sequences generated 
for C. varians workers (see online supplementary material with 
corresponding manuscript: 
http://onlinelibrary.wiley.com/doi/10.1111/mec.12607/suppinfo). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
176 
 
 
Appendix B:  
Supporting Information for Chapter 3: Nutritional roles of gut symbionts in 
herbivorous ant Cephalotes varians  
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Supplementary Table 3-1: Collection information for the ant colonies utilized in this study 
 
Colony Collection locality Latitude and Longitude Elevation 
Date 
collected 
Collector's 
name 
Project for which each 
colony was used 
YH001 
USA: Florida, Monroe Co., Key Largo,John 
Pennekamp Coral Reef State Park, 
Mangrove trail 
25° 7' 25.38"N, 80° 24' 
10.32"W 2m 
Aug. 
30 ,2011 Yi Hu Acetylene reduction assay 
YH026 
USA: Florida, Monroe Co., Key Largo, 
Crocodile Lake Nat'l Wildlife Refuge, 
Tubby's Creek Bridge on Card Sound Rd. 
25° 11' 36.66"N, 80° 21' 
25.26"W 5m 
Aug. 
30 ,2011 Yi Hu Acetylene reduction assay 
CSM2266 
USA: Florida, Monroe Co.,Key Largo, 
Crocodile Lake Nat'l Wildlife Refuge, 
Tubby's Creek Bridge on Card Sound Rd 
25° 16' 45.84"N,80° 20' 
33.96"W 11m 
Aug.29, 
2011 
Corrie Saux 
Moreau Acetylene reduction assay 
PL215A 
USA: Florida, Monroe Co., Key West, Little 
Hamaca Park 
24° 33' 33.66"N, 81° 45' 
41.76"W 3m Jan. 5, 2014 Piotr Lukasik 
Feeding experiments with 
15N-labelled urea 
PL217 
USA: Florida, Monroe Co., Key West, Little 
Hamaca Park 
24° 33' 33.66"N, 81° 45' 
41.76"W 3m Jan. 5, 2014 Piotr Lukasik 
Feeding experiments with 
15N-labelled urea 
PL231 
USA: Florida, Monroe Co.,Big Pine Key, 
road towards Long Beach 
24° 38' 28.57"N, 81° 20' 
22.27"W 3m Jan. 5, 2014 Piotr Lukasik 
Feeding experiments with 
15N-labelled urea 
PL005 
USA: Florida, Monroe Co., Key Largo, 
John Pennekamp Coral Reef State Park, 
mangrove trail 
25° 7' 24.59"N, 80° 24' 
11.88"W 2m Jun. 9, 2012 Piotr Lukasik Metagenome sequencing 
PL010 
USA: Florida, Monroe Co., Key Largo, 
Crocodile Lake Nat'l Wildlife Refuge, 
Tubby's Creek Bridge on Card Sound Rd. 
25° 11' 36.66"N, 80° 21' 
25.26"W 5m Jun. 11, 2012 Piotr Lukasik Metagenome sequencing 
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Supplementary Table 3-2 Information of samples used for feeding experiments 
with 15N-labelled urea 
 
Label Colony Treatment 
total # of 
workers 
# of minor 
workers 
# of major 
workers 
PL215A-U2-1 PL215A 14N-urea-Control 7 7 0 
PL215A-U2-2 PL215A 14N-urea-Control 7 7 0 
PL215A-U2-3 PL215A 14N-urea-Control 7 7 0 
PL215A-U3-1 PL215A 15N-urea-Antibiotics 7 6 1 
PL215A-U3-2 PL215A 15N-urea-Antibiotics 7 7 0 
PL215A-U3-3 PL215A 15N-urea-Antibiotics 7 7 0 
PL215A-U5-1 PL215A 15N-urea-Control 7 6 1 
PL215A-U5-2 PL215A 15N-urea-Control 7 5 2 
PL215A-U5-3 PL215A 15N-urea-Control 6 5 1 
PL217-U2-1 PL217 14N-urea-Control 9 9 0 
PL217-U2-2 PL217 14N-urea-Control 9 9 0 
PL217-U2-3 PL217 14N-urea-Control 8 8 0 
PL217-U3-1 PL217 15N-urea-Antibiotics 9 9 0 
PL217-U3-2 PL217 15N-urea-Antibiotics 9 9 0 
PL217-U3-3 PL217 15N-urea-Antibiotics 9 9 0 
PL217-U5-1 PL217 15N-urea-Control 9 9 0 
PL217-U5-2 PL217 15N-urea-Control 9 9 0 
PL217-U5-3 PL217 15N-urea-Control 9 9 0 
PL231-U2-1 PL231 14N-urea-Control 7 6 1 
PL231-U2-2 PL231 14N-urea-Control 6 4 2 
PL231-U3-1 PL231 15N-urea-Antibiotics 7 6 1 
PL231-U3-2 PL231 15N-urea-Antibiotics 7 5 2 
PL231-U5-1 PL231 15N-urea-Control 7 6 1 
PL231-U5-2 PL231 15N-urea-Control 7 6 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
179 
 
 
Appendix C: 
 
Supporting Information for Chapter 4: Transition to an nitrogen-poor diet 
without clear roles for symbionts in the invasive Argentine ant 
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Supplementary Figures and Tables 
 
Figure S4-1 Relative abundance of bacterial communities of blank 
samples and Argentine ant samples in relation to 16S rRNA band 
intensity scores. Results are based on illumine sequencing data without 
contamination filtration across six blank samples and 134 Argentine ant 
samples. Bacteria are classified to order represented by different colors. 
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Figure S4-2 Principal coordinates analyses comparing bacterial 
communities of Argentine ants collected from different colonies in CA, 
USA. Communities from the same colony are represented by the same color. 
Those collected in 1996-1998 are indicted in up triangle, while samples 
collected in 2014 correspond to down triangle. 
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Figure S4-3 Abundance of bacterial communities of Argentine ants in 
different life stages from two colonies in CA, USA. Names at the bottom 
classified ant samples by age, with “W”, “L”, “P” and “Q” denoting workers, 
larvae, pupae and queen, respectively. 
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Figure S4-4 Genotype analysis of four indicator OTU0002, OTU0003, 
OTU0004 and OTU0007 of four enterotypes (A) between native and 
introduced populations, (B) among L. humile reared on diets with differing 
ratios of carbohydrate and protein, (C) different life stages from two colonies 
in CA, USA. Names at the bottom classified ant samples by age, with “W”, 
“L”, “P” and “Q” denoting workers, larvae, pupae and queen, respectively, (D) 
within Rice Canyon population across a multi-year trophic shift  
 
(A) 
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Figure S4-4 (continued) 
(B) 
 
(C) 
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Table S4-1 Collection information for the ant colonies and both 16S rRNA and abdA gene screen results for all ant samples utilized in this study. 
The “+”/”-“ in the column of AbdA and 16S screen indicates “amplication/no amplication” of AbdA and 16S rRNA genes. 
 
Argentine ant collected from introduced populations 
Colony Collection locality 
Latitude and 
Longitude 
Pitfall trap 
array 
number 
Date 
Collection 
method 
storage post preservation 
Collector's 
name 
Project for which each 
colony was used 
Large 
USA: CA, San Diego 
Co.,Rice Canyon 
N 32°38′35′′, 
W 117°01′15′′ 
near point8 25.v.1996 pitfall trap 
95% ethanol, room 
temperature 
Andy 
Suarez 
Field caught ant survey 
Large 
USA: CA, San Diego 
Co.,Rice Canyon 
N 32°38′35′′, 
W 117°01′15′′ 
point 7 20.vi.1997 pitfall trap 
95% ethanol, room 
temperature 
Andy 
Suarez 
Field caught ant survey 
Large 
USA: CA, San Diego 
Co.,Rice Canyon 
N 32°38′35′′, 
W 117°01′15′′ 
point 8 20.vi.1997 pitfall trap 
95% ethanol, room 
temperature 
Andy 
Suarez 
Field caught ant survey 
Large 
USA: CA, San Diego 
Co.,Rice Canyon 
N 32°38′35′′, 
W 117°01′15′′ 
point 9 20.vi.1997 pitfall trap 
95% ethanol, room 
temperature 
Andy 
Suarez 
Field caught ant survey 
Large 
USA: CA, San Diego 
Co.,Rice Canyon 
N 32°38′35′′, 
W 117°01′15′′ 
point 5 27.x.1998 pitfall trap 
95% ethanol, room 
temperature 
Andy 
Suarez 
Field caught ant survey 
Large 
USA: CA, San Diego 
Co.,Rice Canyon 
N 32°38′35′′, 
W 117°01′15′′ 
point 6 27.x.1998 pitfall trap 
95% ethanol, room 
temperature 
Andy 
Suarez 
Field caught ant survey 
Large 
USA: CA, San Diego 
Co.,Rice Canyon 
N 32°38′35′′, 
W 117°01′15′′ 
point 7 27.x.1998 pitfall trap 
95% ethanol, room 
temperature 
Andy 
Suarez 
Field caught ant survey 
Large 
USA: CA, San Diego 
Co.,Rice Canyon 
N 32°38′35′′, 
W 117°01′15′′ 
point 5 3.ix.2002 pitfall trap 
95% ethanol, room 
temperature 
Andy 
Suarez 
Field caught ant survey 
Large 
USA: CA, San Diego 
Co.,Rice Canyon 
N 32°38′35′′, 
W 117°01′15′′ 
point 6 3.ix.2002 pitfall trap 
95% ethanol, room 
temperature 
Andy 
Suarez 
Field caught ant survey 
Large 
USA: CA, San Diego 
Co.,Rice Canyon 
N 32°38′35′′, 
W 117°01′15′′ 
point 7 27.x.1998 pitfall trap 
95% ethanol, room 
temperature 
Andy 
Suarez 
Field caught ant survey 
Large 
USA: CA, San Diego 
Co.,Rice Canyon 
N 32°38′35′′, 
W 117°01′15′′ 
point 5 3.ix.2002 pitfall trap 
95% ethanol, room 
temperature 
Andy 
Suarez 
Field caught ant survey 
Large 
USA: CA, San Diego 
Co.,Rice Canyon 
N 32°38′35′′, 
W 117°01′15′′ 
point 6 3.ix.2002 pitfall trap 
95% ethanol, room 
temperature 
Andy 
Suarez 
Field caught ant survey 
Large 
USA: CA, San Diego 
Co.,Rice Canyon 
N 32°38′35′′, 
W 117°01′15′′ 
point 7 3.ix.2002 pitfall trap 
95% ethanol, room 
temperature 
Andy 
Suarez 
Field caught ant survey 
Large 
USA: CA, San Diego 
Co.,Rice Canyon 
N 32°38′35′′, 
W 117°01′15′′ 
point 3 6.viii.2003 pitfall trap 
95% ethanol, room 
temperature 
Andy 
Suarez 
Field caught ant survey 
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Table S4-1 (continued) 
 
Argentine ant collected from introduced populations 
Colony Collection locality 
Latitude and 
Longitude 
Pitfall 
trap 
array 
number 
Date 
Collection 
method 
storage post 
preservation 
Collector's 
name 
Project for which each 
colony was used 
Large 
USA: CA, San Diego 
Co.,Rice Canyon 
N 32°38′35′′, 
W 117°01′15′′ 
point 4 6.viii.2003 pitfall trap 
95% ethanol, room 
temperature 
Andy 
Suarez 
Field caught ant survey 
Large 
USA: CA, San Diego 
Co.,Rice Canyon 
N 32°38′35′′, 
W 117°01′15′′ 
point 5 6.viii.2003 pitfall trap 
95% ethanol, room 
temperature 
Andy 
Suarez 
Field caught ant survey 
Large 
USA: CA, San Diego 
Co.,Rice Canyon 
N 32°38′35′′, 
W 117°01′15′′ 
point 6 6.viii.2003 pitfall trap 
95% ethanol, room 
temperature 
Andy 
Suarez 
Field caught ant survey 
Large 
USA: CA, San Diego 
Co.,Rice Canyon 
N 32°38′35′′, 
W 117°01′15′′ 
point 7 6.viii.2003 pitfall trap 
95% ethanol, room 
temperature 
Andy 
Suarez 
Field caught ant survey 
Lake 
Hodges 
USA: CA, San Diego 
Co.,Lake Hodges Reservoir 
N 33° 03' 46", 
W 117° 07' 09" 
NA 27.ix.2011 
Directly collected 
into ethanol 
100 % ethanol, at 
-20 °C 
David 
Holway 
Field caught ant survey 
Lake 
Hodges 
USA: CA, San Diego 
Co.,Lake Hodges Reservoir 
N 33° 03' 46", 
W 117° 07' 09" 
NA 6-8.i.2014 
Directly collected 
into ethanol 
100 % ethanol, at 
-20 °C 
David 
Holway 
Field caught ant survey 
Lake 
Skinner 
USA: CA, San Diego 
Co.,Lake Hodges Reservoir 
N 33° 35' 14", 
W 117° 01' 58" 
NA 27.ix.2011 
Directly collected 
into ethanol 
100 % ethanol, at 
-20 °C 
David 
Holway 
Field caught ant survey 
Lake 
Skinner 
USA: CA, San Diego 
Co.,Lake Hodges Reservoir 
N 33° 35' 14", 
W 117° 01' 58" 
NA 6-8.i.2014 
Directly collected 
into ethanol 
100 % ethanol, at 
-20 °C 
David 
Holway 
Field caught ant survey 
Large 
USA: CA, San Diego 
Co.,Lake Hodges Reservoir 
N 32° 51' 19", 
W 117° 11' 26" 
NA 27.ix.2011 
Directly collected 
into ethanol 
100 % ethanol, at 
-20 °C 
David 
Holway 
Field caught ant survey 
Large 
USA: CA, San Diego 
Co.,Lake Hodges Reservoir 
N 32° 51' 19", 
W 117° 11' 26" 
NA 6-8.i.2014 
Directly collected 
into ethanol 
100 % ethanol, at 
-20 °C 
David 
Holway 
Field caught ant survey 
Sweet 
Water 
USA: CA, San Diego 
Co.,Lake Hodges Reservoir 
N 32° 43' 58", 
W 116° 56' 29" 
NA 27.ix.2011 
Directly collected 
into ethanol 
100 % ethanol, at 
-20 °C 
David 
Holway 
Field caught ant survey 
Sweet 
Water 
USA: CA, San Diego 
Co.,Lake Hodges Reservoir 
N 32° 43' 58", 
W 116° 56' 29" 
NA 6-8.i.2014 
Directly collected 
into ethanol 
100 % ethanol, at 
-20 °C 
David 
Holway 
Field caught ant survey 
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Table S4-1 (continued) 
 
Argentine ant collected from native populations 
Colony Collection locality 
Latitude and 
Longitude 
Pitfall 
trap 
array 
number 
Date Collection method 
storage post 
preservation 
Collector's 
name 
Project for which each 
colony was used 
Lhp2 
Argentina:Santa 
Fe,Ocampo,Porto Ocampo 
S 28°29′58.93′′, 
W 59°15′53.03′′ 
NA 9.i.2009 
aspirator 
collection 
~95% ethanol, 
-20 °C 
Edward 
LeBrun 
Field caught ant survey 
Lhp5 
Argentina:Santa 
Fe,Ocampo,Porto Ocampo 
S 28°29′41.03′′, 
W 59°15′53.16′′ 
NA 11.i.2009 
aspirator 
collection 
~95% ethanol, 
-20 °C 
Edward 
LeBrun 
Field caught ant survey 
Lhp7 
Argentina:Santa 
Fe,Ocampo,Porto Ocampo 
S 28°29′38.92′′, 
W 59°15′59.83′′ 
NA 11.i.2009 
aspirator 
collection 
~95% ethanol, 
-20 °C 
Edward 
LeBrun 
Field caught ant survey 
Lhp10 
Argentina:Chaco,Bermejo,Isl
a del Cerrito 
S 27°17′25.59′′, 
W 58°36′37.75′′ 
NA 20.i.2009 
aspirator 
collection 
~95% ethanol, 
-20 °C 
Edward 
LeBrun 
Field caught ant survey 
Lhp11 
Argentina:Chaco,Bermejo,Isl
a del Cerrito 
S 27°18′14.36′′, 
W 58°42′02.55′′ 
NA 20.i.2009 
aspirator 
collection 
~95% ethanol, 
-20 °C 
Edward 
LeBrun 
Field caught ant survey 
Lhp12 
Argentina:Chaco,Bermejo,Isl
a del Cerrito 
S 27°18′15.81′′, 
W 58°42′10.79′′ 
NA 21.i.2009 
aspirator 
collection 
~95% ethanol, 
-20 °C 
Edward 
LeBrun 
Field caught ant survey 
Lhp13 
Argentina:Chaco,Bermejo,Isl
a del Cerrito 
S 27°19′03.65′′, 
W 58°45′02.29′′ 
NA 21.i.2009 
aspirator 
collection 
~95% ethanol, 
-20 °C 
Edward 
LeBrun 
Field caught ant survey 
Lhp14 
Argentina:Chaco,Bermejo,Isl
a del Cerrito 
S 27°18′25.06′′, 
W 58°42′50.38′′ 
NA 21.i.2009 
aspirator 
collection 
~95% ethanol, 
-20 °C 
Edward 
LeBrun 
Field caught ant survey 
586 
Argentina:Buenos Aires,R.N. 
Otamende,R.N. Otamende 
S 34°13′32.22′′, 
W 58°53′59.64′′ 
NA 15.xii.1997 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
587 
Argentina:Buenos Aires,R.N. 
Otamende,R.N. Otamende 
S 34°13′32.22′′, 
W 58°53′59.64′′ 
NA 14.xii.1997 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
681 
Argentina:Buenos 
Aires,Buenos Aires,R.E. 
Costanera Sur 
S 34°06′57.06′′, 
W 58°21′20.34′′ 
NA 20.xii.1997 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
760 
Argentina:Entre Rios,P.N. El 
Palmar,river by visitor center 
S 34°52′30.36′′, 
W 58°12′33′′ 
NA 7.ii.1999 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
770 
Argentina:Corrientes,Port 
Alvear,Port Alvear 
S 29°06′, 
W 56°33′ 
NA 5.ii.1999 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
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Table S4-1 (continued) 
Argentine ant collected from native populations 
Colony Collection locality 
Latitude and 
Longitude 
Pitfall 
trap 
array 
number 
Date Collection method 
storage post 
preservation 
Collector's 
name 
Project for which each 
colony was used 
771 
Argentina:Corrientes,Port 
Alvear,Port Alvear 
S 29°06′, 
W 56°33′ 
NA 5.ii.1999 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
772 
Argentina:Entre Rios,Port 
Ibicuy,Port Ibicuy 
S 33°48′, 
W 59°10′ 
NA 16.ii.1999 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
773 
Argentina:Entre Rios,Port 
Ibicuy,Port Ibicuy 
S 33°48′, 
W 59°10′ 
NA 16.ii.1999 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
774 
Argentina:Entre Rios,Port 
Ibicuy,Port Ibicuy 
S 33°48′, 
W 59°10′ 
NA 16.ii.1999 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
776 
Argentina:Corrientes,Alvear,
Alvear, hotel 
S 29°06′, 
W 56°33′ 
NA 5.ii.1999 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
777 
Argentina:Entre Rios,Port 
Ibicuy,Port Ibicuy 
S 33°48′, 
W 59°10′ 
NA 16.ii.1999 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
778 
Argentina:Entre Rios,Port 
Ibicuy,Port Ibicuy 
S 33°48′, 
W 59°10′ 
NA 16.ii.1999 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
779 
Argentina:Entre Rios,Port 
Ibicuy,Port Ibicuy 
S 33°48′, 
W 59°10′ 
NA 16.ii.1999 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
816 
Argentina:Missiones,Ita 
Ibate,Ita Ibate 
S 27°25′, 
W 57°10′ 
NA 31.i.1999 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
820 
Argentina:Missiones,Ita 
Ibate,Ita Ibate 
S 27°25′, 
W 57°10′ 
NA 31.i.1999 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
846 
Argentina:Entre Rios,P.N. Pre 
Delta,Pre Delta 
S 32°07′, 
W 60°38′ 
NA 26.i.1999 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
847 
Argentina:Entre Rios,P.N. Pre 
Delta,Pre Delta 
S 32°07′, 
W 60°38′ 
NA 26.i.1999 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
848 
Argentina:Entre Rios,P.N. Pre 
Delta,Pre Delta 
S 32°07′, 
W 60°38′ 
NA 26.i.1999 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
849 
Argentina:Entre Rios,P.N. Pre 
Delta,Pre Delta 
S 32°07′, 
W 60°38′ 
NA 26.i.1999 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
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Table S4-1 (continued) 
Argentine ant collected from native populations 
Colony Collection locality 
Latitude and 
Longitude 
Pitfall 
trap 
array 
number 
Date Collection method 
storage post 
preservation 
Collector's 
name 
Project for which each 
colony was used 
850 
Argentina:Entre Rios,P.N. Pre 
Delta,Pre Delta 
S 32°07′, 
W 60°38′ 
NA 26.i.1999 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
851 
Argentina:Entre Rios,P.N. Pre 
Delta,Pre Delta 
S 32°07′, 
W 60°38′ 
NA 26.i.1999 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
852 
Argentina:Entre Rios,P.N. Pre 
Delta,Pre Delta 
S 32°07′, 
W 60°38′ 
NA 26.i.1999 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
856 
Argentina:Santa 
Fe,Ocampo,Porto Ocampo 
S 28°29′52.74′′, 
W 59°15′54.42′′ 
NA 29.i.1999 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
1647 
Argentina:Buenos 
Aires,Buenos Aires,R.E. 
Costanera Sur 
S 34°36′32.1′′, 
W 58°21′26.7′′ 
NA 30.i.2002 pitfall trap 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
2160 
Argentina:Buenos Aires,R.N. 
Otamendi,Otamendi 
S 34°14′, 
W 58°54′ 
NA 13.xi.2003 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
2259 
Argentina:Santa 
Fe,Ocampo,Porto Ocampo 
S 28°29′52.74′′, 
W 59°15′54.42′′ 
NA 19.xi.2003 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
2265 
Argentina:Santa 
Fe,Ocampo,Ocampo 
S 28°29′52.74′′, 
W 59°15′54.42′′ 
NA 21.xi.2003 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
2285 
Argentina:Formosa,Herradura
,Herradura 
S 26°29′25′′, 
W 58°17′27′′ 
NA 24.xi.2003 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
2298 
Argentina:Formosa,Herradura
,Herradura 
S 26°29′25′′, 
W 58°17′27′′ 
NA 25.xi.2003 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
2312 
Argentina:Formosa,Herradura
,Herradura 
S 26°29′25′′, 
W 58°17′27′′ 
NA 27.xi.2003 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
2314 
Argentina:Formosa,Herradura
,Herradura 
S 26°29′25′′, 
W 58°17′27′′ 
NA 27.xi.2003 
Directly collected 
into ethanol 
~95% ethanol， 
room temperature 
Andy 
Suarez 
Field caught ant survey 
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Table S4-1 (continued) 
 
Argentine ant used for dietary-manipulation survey 
Colony Collection locality 
Latitude and 
Longitude 
Pitfall trap 
array 
number 
Date 
Diet Treatment 
- P:C 
(concentration) 
Day 
Collector's 
name 
Project for which each 
colony was used 
Los 
Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
N 32° 55' 47.16",W 
117° 14' 20" 
NA 12.vii.2011 NO 0 Adam Kay 
Dietary-manipulation 
survey 
Los 
Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
N 32° 55' 47.16",W 
117° 14' 20" 
NA 12.vii.2011 1:6 (100) 20 Adam Kay 
Dietary-manipulation 
survey 
Los 
Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
N 32° 55' 47.16",W 
117° 14' 20" 
NA 12.vii.2011 6:1 (100) 20 Adam Kay 
Dietary-manipulation 
survey 
Los 
Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
N 32° 55' 47.16",W 
117° 14' 20" 
NA 12.vii.2011 1:6 (100) 40 Adam Kay 
Dietary-manipulation 
survey 
Los 
Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
N 32° 55' 47.16",W 
117° 14' 20" 
NA 12.vii.2011 6:1 (100) 40 Adam Kay 
Dietary-manipulation 
survey 
Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
N 32° 50' 39",W 
116° 59' 39" 
NA 8.viii.2011 NO 0 Adam Kay 
Dietary-manipulation 
survey 
Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
N 32° 50' 39",W 
116° 59' 39" 
NA 8.viii.2011 6:1 (100) 20 Adam Kay 
Dietary-manipulation 
survey 
Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
N 32° 50' 39",W 
116° 59' 39" 
NA 8.viii.2011 1:6 (100) 20 Adam Kay 
Dietary-manipulation 
survey 
Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
N 32° 50' 39",W 
116° 59' 39" 
NA 8.viii.2011 6:1 (100) 40 Adam Kay 
Dietary-manipulation 
survey 
Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
N 32° 50' 39",W 
116° 59' 39" 
NA 8.viii.2011 1:6 (100) 40 Adam Kay 
Dietary-manipulation 
survey 
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Table S4-1 (continued) 
DNA 
sample 
Colony Collection Locality 
Developmental 
stage 
Pitfall trap 
array number 
Date 
AbdA 
screen 
16S 
screen 
16S rRNA PCR band 
intensity scores 
96-1 Large USA: CA, San Diego Co.,Rice Canyon worker near point8 25.v.1996 + - N/A 
96-2 Large USA: CA, San Diego Co.,Rice Canyon worker near point8 25.v.1996 - - N/A 
96-3 Large USA: CA, San Diego Co.,Rice Canyon worker near point8 25.v.1996 - - N/A 
96-4 Large USA: CA, San Diego Co.,Rice Canyon worker near point8 25.v.1996 + + 1.000972202 
96-5 Large USA: CA, San Diego Co.,Rice Canyon worker near point8 25.v.1996 - - N/A 
96-6 Large USA: CA, San Diego Co.,Rice Canyon worker near point8 25.v.1996 + + 0.364715265 
96-7 Large USA: CA, San Diego Co.,Rice Canyon worker near point8 25.v.1996 - + 0.317452179 
96-8 Large USA: CA, San Diego Co.,Rice Canyon worker near point8 25.v.1996 - - N/A 
96-9 Large USA: CA, San Diego Co.,Rice Canyon worker near point8 25.v.1996 + + 0.359392894 
96-10 Large USA: CA, San Diego Co.,Rice Canyon worker near point8 25.v.1996 + + 0.351229097 
96-11 Large USA: CA, San Diego Co.,Rice Canyon worker near point8 25.v.1996 + - N/A 
96-12 Large USA: CA, San Diego Co.,Rice Canyon worker near point8 25.v.1996 + + 1.011555761 
97 PT7-1 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 20.vi.1997 + - N/A 
97 PT7-2 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 20.vi.1997 + + 0.390558129 
97 PT7-3 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 20.vi.1997 - + 0.789621415 
97 PT7-4 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 20.vi.1997 + + 1.14701892 
97 PT7-5 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 20.vi.1997 - - N/A 
97 PT7-6 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 20.vi.1997 + - N/A 
97 PT7-7 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 20.vi.1997 - + 0.694939379 
97 PT7-8 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 20.vi.1997 - - N/A 
97 PT7-9 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 20.vi.1997 + + 3.087147066 
97 PT7-10 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 20.vi.1997 + + 0.302742411 
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Table S4-1 (continued) 
DNA 
sample 
Colony Collection Locality 
Developmental 
stage 
Pitfall trap 
array number 
Date 
AbdA 
screen 
16S 
screen 
16S rRNA PCR band 
intensity scores 
97 PT7-11 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 20.vi.1997 + + 0.564178739 
97 PT7-12 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 20.vi.1997 + + 0.778029141 
97 PT8-1 Large USA: CA, San Diego Co.,Rice Canyon worker point 8 20.vi.1997 + + 0.333676182 
97 PT8-2 Large USA: CA, San Diego Co.,Rice Canyon worker point 8 20.vi.1997 + - N/A 
97 PT8-3 Large USA: CA, San Diego Co.,Rice Canyon worker point 8 20.vi.1997 + + 1.000972202 
97 PT8-4 Large USA: CA, San Diego Co.,Rice Canyon worker point 8 20.vi.1997 - + 1.227131393 
97 PT8-5 Large USA: CA, San Diego Co.,Rice Canyon worker point 8 20.vi.1997 + - N/A 
97 PT8-6 Large USA: CA, San Diego Co.,Rice Canyon worker point 8 20.vi.1997 + + 1.779047834 
97 PT8-7 Large USA: CA, San Diego Co.,Rice Canyon worker point 8 20.vi.1997 - - N/A 
97 PT8-8 Large USA: CA, San Diego Co.,Rice Canyon worker point 8 20.vi.1997 + - N/A 
97 PT8-9 Large USA: CA, San Diego Co.,Rice Canyon worker point 8 20.vi.1997 - - N/A 
97 PT8-10 Large USA: CA, San Diego Co.,Rice Canyon worker point 8 20.vi.1997 - + 0.412913946 
97 PT8-11 Large USA: CA, San Diego Co.,Rice Canyon worker point 8 20.vi.1997 + - N/A 
97 PT8-12 Large USA: CA, San Diego Co.,Rice Canyon worker point 8 20.vi.1997 + + 0.643824465 
97 PT9-1 Large USA: CA, San Diego Co.,Rice Canyon worker point 9 20.vi.1997 + + 0.281197315 
97 PT9-2 Large USA: CA, San Diego Co.,Rice Canyon worker point 9 20.vi.1997 - - N/A 
97 PT9-3 Large USA: CA, San Diego Co.,Rice Canyon worker point 9 20.vi.1997 - + 0.444289193 
97 PT9-4 Large USA: CA, San Diego Co.,Rice Canyon worker point 9 20.vi.1997 + - N/A 
97 PT9-5 Large USA: CA, San Diego Co.,Rice Canyon worker point 9 20.vi.1997 + - N/A 
97 PT9-6 Large USA: CA, San Diego Co.,Rice Canyon worker point 9 20.vi.1997 - - N/A 
97 PT9-7 Large USA: CA, San Diego Co.,Rice Canyon worker point 9 20.vi.1997 - - N/A 
97 PT9-8 Large USA: CA, San Diego Co.,Rice Canyon worker point 9 20.vi.1997 - - N/A 
97 PT9-9 Large USA: CA, San Diego Co.,Rice Canyon worker point 9 20.vi.1997 + + 1.012485373 
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Table S4-1 (continued) 
DNA 
sample 
Colony Collection Locality 
Developmental 
stage 
Pitfall trap 
array number 
Date 
AbdA 
screen 
16S 
screen 
16S rRNA PCR band 
intensity scores 
97 PT9-10 Large USA: CA, San Diego Co.,Rice Canyon worker point 9 20.vi.1997 + + 0.418224086 
97 PT9-11 Large USA: CA, San Diego Co.,Rice Canyon worker point 9 20.vi.1997 - + 0.482771584 
97 PT9-12 Large USA: CA, San Diego Co.,Rice Canyon worker point 9 20.vi.1997 - + 0.92941983 
98 PT5-1 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 27.x.1998 - - N/A 
98 PT5-2 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 27.x.1998 - - N/A 
98 PT5-3 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 27.x.1998 - + 1.783755461 
98 PT5-4 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 27.x.1998 - + 0.47377107 
98 PT5-5 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 27.x.1998 - - N/A 
98 PT5-6 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 27.x.1998 - - N/A 
98 PT5-7 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 27.x.1998 - - N/A 
98 PT5-8 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 27.x.1998 - + 0.36036134 
98 PT5-9 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 27.x.1998 - + 0.800406142 
98 PT5-10 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 27.x.1998 - - 0.446680095 
98 PT5-11 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 27.x.1998 - - 0.450091668 
98 PT5-12 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 27.x.1998 - - 0.395351367 
98 PT6-1 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 27.x.1998 + + 1.158738718 
98 PT6-2 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 27.x.1998 - + 1.755933914 
98 PT6-3 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 27.x.1998 + + 0.856973186 
98 PT6-4 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 27.x.1998 - + 1.758236653 
98 PT6-5 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 27.x.1998 - - N/A 
98 PT6-6 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 27.x.1998 + - N/A 
98 PT6-7 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 27.x.1998 - - N/A 
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Table S4-1 (continued) 
DNA 
sample 
Colony Collection Locality 
Developmental 
stage 
Pitfall trap 
array number 
Date 
AbdA 
screen 
16S 
screen 
16S rRNA PCR band 
intensity scores 
98 PT6-8 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 27.x.1998 + + 1.399377869 
98 PT6-9 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 27.x.1998 + + 0.359564128 
98 PT6-10 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 27.x.1998 + + 0.415571264 
98 PT6-11 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 27.x.1998 + + 1.472810638 
98 PT6-12 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 27.x.1998 + + 0.465697604 
98 PT7-1 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 27.x.1998 - + 0.371833734 
98 PT7-2 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 27.x.1998 - - N/A 
98 PT7-3 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 27.x.1998 + + 0.425251193 
98 PT7-4 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 27.x.1998 - - N/A 
98 PT7-5 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 27.x.1998 - + 0.381425265 
98 PT7-6 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 27.x.1998 + + 0.749413021 
98 PT7-7 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 27.x.1998 - + 0.296268538 
98 PT7-8 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 27.x.1998 + + 1.065508185 
98 PT7-9 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 27.x.1998 + + 1.161291809 
98 PT7-10 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 27.x.1998 + + 0.424127738 
98 PT7-11 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 27.x.1998 + + 0.335994107 
98 PT7-12 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 27.x.1998 + + 0.332119788 
02 PT5-1 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 3.ix.2002 - + 3.066674146 
02 PT5-2 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 3.ix.2002 + - N/A 
02 PT5-3 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 3.ix.2002 - - N/A 
02 PT5-4 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 3.ix.2002 + + 0.389159137 
02 PT5-5 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 3.ix.2002 + + 1.43732059 
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Table S4-1 (continued) 
DNA 
sample 
Colony Collection Locality 
Developmental 
stage 
Pitfall trap 
array number 
Date 
AbdA 
screen 
16S 
screen 
16S rRNA PCR band 
intensity scores 
02 PT5-6 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 3.ix.2002 + - N/A 
02 PT5-7 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 3.ix.2002 + - N/A 
02 PT5-8 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 3.ix.2002 + - N/A 
02 PT5-9 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 3.ix.2002 + + 0.362143885 
02 PT5-10 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 3.ix.2002 + - N/A 
02 PT5-11 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 3.ix.2002 + + 2.027025559 
02 PT5-12 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 3.ix.2002 + + 1.087099356 
02 PT6-1 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 3.ix.2002 - - N/A 
02 PT6-2 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 3.ix.2002 + + 0.335324279 
02 PT6-3 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 3.ix.2002 + + 0.38949795 
02 PT6-4 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 3.ix.2002 + + 0.318720984 
02 PT6-5 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 3.ix.2002 + - N/A 
02 PT6-6 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 3.ix.2002 + - N/A 
02 PT6-7 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 3.ix.2002 + - N/A 
02 PT6-8 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 3.ix.2002 + - N/A 
02 PT6-9 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 3.ix.2002 + + 0.8560813 
02 PT6-10 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 3.ix.2002 + + 0.387401895 
02 PT6-11 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 3.ix.2002 + + 0.386880323 
02 PT6-12 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 3.ix.2002 + + 0.386794893 
02 PT7-1 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 3.ix.2002 + - N/A 
02 PT7-2 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 3.ix.2002 + - N/A 
02 PT7-3 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 3.ix.2002 + - N/A 
02 PT7-4 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 3.ix.2002 + - N/A 
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Table S4-1 (continued) 
DNA 
sample 
Colony Collection Locality 
Developmental 
stage 
Pitfall trap 
array number 
Date 
AbdA 
screen 
16S 
screen 
16S rRNA PCR band 
intensity scores 
02 PT7-5 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 3.ix.2002 + - N/A 
02 PT7-6 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 3.ix.2002 + + 1.913750564 
02 PT7-7 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 3.ix.2002 - - N/A 
02 PT7-8 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 3.ix.2002 + - N/A 
02 PT7-9 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 3.ix.2002 - + 0.428108469 
02 PT7-10 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 3.ix.2002 - + 0.368523022 
02 PT7-11 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 3.ix.2002 + + 0.339549562 
02 PT7-12 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 3.ix.2002 + - N/A 
03 PT3-1 Large USA: CA, San Diego Co.,Rice Canyon worker point 3 6.viii.2003 + + 0.362430524 
03 PT3-2 Large USA: CA, San Diego Co.,Rice Canyon worker point 3 6.viii.2003 + + 0.340117596 
03 PT3-3 Large USA: CA, San Diego Co.,Rice Canyon worker point 3 6.viii.2003 - - N/A 
03 PT3-4 Large USA: CA, San Diego Co.,Rice Canyon worker point 3 6.viii.2003 + - N/A 
03 PT3-5 Large USA: CA, San Diego Co.,Rice Canyon worker point 3 6.viii.2003 + + 0.607001576 
03 PT3-6 Large USA: CA, San Diego Co.,Rice Canyon worker point 3 6.viii.2003 + - N/A 
03 PT3-7 Large USA: CA, San Diego Co.,Rice Canyon worker point 3 6.viii.2003 + + 0.379338516 
03 PT3-8 Large USA: CA, San Diego Co.,Rice Canyon worker point 3 6.viii.2003 + + 1.603011727 
03 PT4-1 Large USA: CA, San Diego Co.,Rice Canyon worker point 4 6.viii.2003 - - N/A 
03 PT4-2 Large USA: CA, San Diego Co.,Rice Canyon worker point 4 6.viii.2003 - - N/A 
03 PT4-3 Large USA: CA, San Diego Co.,Rice Canyon worker point 4 6.viii.2003 + - N/A 
03 PT4-4 Large USA: CA, San Diego Co.,Rice Canyon worker point 4 6.viii.2003 - - N/A 
03 PT4-5 Large USA: CA, San Diego Co.,Rice Canyon worker point 4 6.viii.2003 + - N/A 
03 PT5-1 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 6.viii.2003 + + 1.308668805 
03 PT5-2 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 6.viii.2003 - - N/A 
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Table S4-1 (continued) 
DNA 
sample 
Colony Collection Locality 
Developmental 
stage 
Pitfall trap 
array number 
Date 
AbdA 
screen 
16S 
screen 
16S rRNA PCR band 
intensity scores 
03 PT5-3 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 6.viii.2003 - + 0.617557308 
03 PT5-4 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 6.viii.2003 + - N/A 
03 PT5-5 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 6.viii.2003 + - N/A 
03 PT5-6 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 6.viii.2003 + + 1.740008755 
03 PT5-7 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 6.viii.2003 + - N/A 
03 PT5-8 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 6.viii.2003 + - N/A 
03 PT5-9 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 6.viii.2003 + + 0.352690397 
03 PT5-10 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 6.viii.2003 + + 1.066002679 
03 PT5-11 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 6.viii.2003 + + 1.774285465 
03 PT5-12 Large USA: CA, San Diego Co.,Rice Canyon worker point 5 6.viii.2003 + + 2.952330892 
03 PT6-1 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 6.viii.2003 + - N/A 
03 PT6-2 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 6.viii.2003 - - N/A 
03 PT6-3 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 6.viii.2003 + - N/A 
03 PT6-4 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 6.viii.2003 + - N/A 
03 PT6-5 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 6.viii.2003 + - N/A 
03 PT6-6 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 6.viii.2003 + - N/A 
03 PT6-7 Large USA: CA, San Diego Co.,Rice Canyon worker point 6 6.viii.2003 + - N/A 
03 PT7-1 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 6.viii.2003 - + 0.343631487 
03 PT7-2 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 6.viii.2003 + + 3.512047243 
03 PT7-3 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 6.viii.2003 + + 0.417126366 
03 PT7-4 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 6.viii.2003 + + 0.351665124 
03 PT7-5 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 6.viii.2003 - + 2.587827979 
03 PT7-6 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 6.viii.2003 + - N/A 
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Table S4-1 (continued) 
DNA 
sample 
Colony Collection Locality 
Developmental 
stage 
Pitfall trap 
array number 
Date 
AbdA 
screen 
16S 
screen 
16S rRNA PCR band 
intensity scores 
03 PT7-7 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 6.viii.2003 + + 2.079795983 
03 PT7-8 Large USA: CA, San Diego Co.,Rice Canyon worker point 7 6.viii.2003 + + 1.935359351 
LH-OW1 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
LH-OW2 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
LH-OW3 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
LH-OW4 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
LH-OW5 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + + 0.324609344 
LH-OW6 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
LH-OW7 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + + 1.575779986 
LH-OW8 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + + 1.784654976 
LH-OW9 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
LH-OW10 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
LH-OW11 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
LH-OW12 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
LH-NW1 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + + 1.586889707 
LH-NW2 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + - N/A 
LH-NW3 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + + 1.524184221 
LH-NW4 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + + 0.383737731 
LH-Q1 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir queen NA 6-8.i.2014 + + 0.437542953 
LH-Q2 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir queen NA 6-8.i.2014 + + 0.502972891 
LH-Q3 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir queen NA 6-8.i.2014 + + 0.448234674 
LH-Q4 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir queen NA 6-8.i.2014 + + 0.598745351 
LH-Q5 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir queen NA 6-8.i.2014 + - N/A 
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Table S4-1 (continued) 
DNA 
sample 
Colony Collection Locality 
Developmental 
stage 
Pitfall trap 
array number 
Date 
AbdA 
screen 
16S 
screen 
16S rRNA PCR band 
intensity scores 
LH-Q6 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir queen NA 6-8.i.2014 + - N/A 
LH-Q7 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir queen NA 6-8.i.2014 + - N/A 
LH-Q8 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir queen NA 6-8.i.2014 + - N/A 
LH-L1 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir larvae NA 6-8.i.2014 + + 0.389397208 
LH-L2 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir larvae NA 6-8.i.2014 + + 2.386211797 
LH-L3 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir larvae NA 6-8.i.2014 + + 0.873282775 
LH-L4 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir larvae NA 6-8.i.2014 + + 0.473219438 
LH-L5 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir larvae NA 6-8.i.2014 + - N/A 
LH-L6 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir larvae NA 6-8.i.2014 + - N/A 
LH-L7 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir larvae NA 6-8.i.2014 + - N/A 
LH-L8 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir larvae NA 6-8.i.2014 + + 0.749269766 
LH-P1 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir pupae NA 6-8.i.2014 + + 0.664837994 
LH-P2 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir pupae NA 6-8.i.2014 + + 2.206751803 
LH-P3 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir pupae NA 6-8.i.2014 + + 0.616498287 
LH-P4 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir pupae NA 6-8.i.2014 + + 0.451070025 
LH-P5 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir pupae NA 6-8.i.2014 + - N/A 
LH-P6 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir pupae NA 6-8.i.2014 + - N/A 
LH-P7 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir pupae NA 6-8.i.2014 + - N/A 
LH-P8 Lake Hodges USA: CA, San Diego Co.,Lake Hodges Reservoir pupae NA 6-8.i.2014 + - N/A 
LS-OW1 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + + 0.339854135 
LS-OW2 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
LS-OW3 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + + 0.423327302 
LS-OW4 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
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Table S4-1 (continued) 
DNA 
sample 
Colony Collection Locality 
Developmental 
stage 
Pitfall trap 
array number 
Date 
AbdA 
screen 
16S 
screen 
16S rRNA PCR band 
intensity scores 
LS-OW5 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
LS-OW6 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
LS-OW7 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
LS-OW8 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
LS-OW9 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
LS-OW10 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
LS-OW11 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
LS-OW12 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + + 0.362255168 
LS-OW13 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
LS-OW14 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + + 0.786778067 
LS-OW15 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
LS-OW16 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
LS-OW17 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
LS-OW18 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
LS-OW19 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
LS-OW20 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
LS-NW1 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + + 0.348550192 
LS-NW2 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + - N/A 
LS-NW3 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + + 0.501004533 
LS-NW4 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + + 0.367014322 
LS-NW5 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + + 0.286570856 
LS-NW6 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + - N/A 
LS-NW7 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + + 0.90283309 
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Table S4-1 (continued) 
DNA 
sample 
Colony Collection Locality 
Developmental 
stage 
Pitfall trap 
array number 
Date 
AbdA 
screen 
16S 
screen 
16S rRNA PCR band 
intensity scores 
LS-NW8 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + - N/A 
LS-NW9 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + + 1.190039042 
LS-NW10 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + + 1.601632486 
LS-NW11 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + - N/A 
LS-NW12 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + - N/A 
LS-Q1 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir queen NA 6-8.i.2014 + + 0.747185751 
LS-Q2 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir queen NA 6-8.i.2014 + + 0.327877047 
LS-Q3 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir queen NA 6-8.i.2014 + + 2.782472217 
LS-Q4 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir queen NA 6-8.i.2014 + + 0.367946419 
LS-Q5 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir queen NA 6-8.i.2014 + - N/A 
LS-Q6 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir queen NA 6-8.i.2014 + + 1.707058532 
LS-Q7 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir queen NA 6-8.i.2014 + - N/A 
LS-Q8 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir queen NA 6-8.i.2014 + + 0.942950876 
LS-L1 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir larvae NA 6-8.i.2014 + + 0.753309032 
LS-L2 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir larvae NA 6-8.i.2014 + + 0.305854248 
LS-L3 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir larvae NA 6-8.i.2014 + + 0.378441932 
LS-L4 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir larvae NA 6-8.i.2014 + + 1.635209659 
LS-L5 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir larvae NA 6-8.i.2014 + + 1.36852864 
LS-L6 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir larvae NA 6-8.i.2014 + + 1.343433685 
LS-L7 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir larvae NA 6-8.i.2014 + - N/A 
LS-L8 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir larvae NA 6-8.i.2014 + - N/A 
LS-P1 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir pupae NA 6-8.i.2014 + + 1.127825922 
LS-P2 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir pupae NA 6-8.i.2014 + - N/A 
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Table S4-1 (continued) 
DNA 
sample 
Colony Collection Locality 
Developmental 
stage 
Pitfall trap 
array number 
Date 
AbdA 
screen 
16S 
screen 
16S rRNA PCR band 
intensity scores 
LS-P3 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir pupae NA 6-8.i.2014 + + 1.33755301 
LS-P4 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir pupae NA 6-8.i.2014 + - N/A 
LS-P5 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir pupae NA 6-8.i.2014 + - N/A 
LS-P6 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir pupae NA 6-8.i.2014 + - 0.5673423 
LS-P7 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir pupae NA 6-8.i.2014 + - N/A 
LS-P8 Lake Skinner USA: CA, San Diego Co.,Lake Hodges Reservoir pupae NA 6-8.i.2014 + - N/A 
L-NW1 Large USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + + 0.60955336 
L-NW2 Large USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + + N/A 
L-NW3 Large USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
L-NW4 Large USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + + 0.631375462 
L-NW5 Large USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + + 0.747329427 
L-NW6 Large USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - #N/A 
L-NW7 Large USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - #N/A 
L-NW8 Large USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - #N/A 
L-NW9 Large USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - #N/A 
L-NW10 Large USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + + #N/A 
L-NW11 Large USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - #N/A 
L-NW12 Large USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - #N/A 
L-NW1 Large USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + + 0.60955336 
L-NW2 Large USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + - N/A 
L-NW3 Large USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + - N/A 
L-NW4 Large USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + + 0.631375462 
L-NW5 Large USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + + 0.747329427 
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Table S4-1 (continued) 
DNA 
sample 
Colony Collection Locality 
Developmental 
stage 
Pitfall trap 
array number 
Date 
AbdA 
screen 
16S 
screen 
16S rRNA PCR band 
intensity scores 
L-Q1 Large USA: CA, San Diego Co.,Lake Hodges Reservoir queen NA 6-8.i.2014 + + 0.343327578 
L-Q2 Large USA: CA, San Diego Co.,Lake Hodges Reservoir queen NA 6-8.i.2014 + + 0.515059613 
L-Q3 Large USA: CA, San Diego Co.,Lake Hodges Reservoir queen NA 6-8.i.2014 + + 0.35311504 
SW-OW1 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
SW-OW2 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
SW-OW3 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
SW-OW4 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
SW-OW5 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
SW-OW6 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
SW-OW7 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
SW-OW8 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
SW-OW9 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
SW-OW10 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + + 0.618278316 
SW-OW11 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + + 0.307013529 
SW-OW12 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + + 0.590082718 
SW-OW13 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
SW-OW14 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
SW-OW15 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
SW-OW16 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
SW-OW17 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
SW-OW18 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
SW-OW19 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
SW-OW20 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 27.ix.2011 + - N/A 
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Table S4-1 (continued) 
DNA 
sample 
Colony Collection Locality 
Developmental 
stage 
Pitfall trap 
array number 
Date 
AbdA 
screen 
16S 
screen 
16S rRNA PCR band 
intensity scores 
SW-NW1 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + + 0.56170664 
SW-NW2 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + + 0.686985611 
SW-NW3 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + + 0.578232046 
SW-NW4 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir worker NA 6-8.i.2014 + + 0.604088294 
SW-Q1 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir queen NA 6-8.i.2014 + + 0.37801315 
SW-Q2 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir queen NA 6-8.i.2014 + + 0.61362118 
SW-Q3 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir queen NA 6-8.i.2014 + + 0.278764185 
SW-Q4 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir queen NA 6-8.i.2014 + + 0.518590445 
SW-L1 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir larvae NA 6-8.i.2014 + + 0.401166946 
SW-L2 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir larvae NA 6-8.i.2014 + + 0.69377429 
SW-L3 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir larvae NA 6-8.i.2014 + + 0.40951361 
SW-L4 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir larvae NA 6-8.i.2014 + + 0.358830192 
SW-L5 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir larvae NA 6-8.i.2014 + - N/A 
SW-L6 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir larvae NA 6-8.i.2014 + - N/A 
SW-L7 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir larvae NA 6-8.i.2014 + - N/A 
SW-L8 Sweet Water USA: CA, San Diego Co.,Lake Hodges Reservoir larvae NA 6-8.i.2014 + - N/A 
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Table S4-1 (continued) 
DNA sample Colony Collection Locality Developmental stage Date AbdA screen 16S screen Relative 16S band intensity 
Lhp2-1 Lhp2 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 9.i.2009 + - N/A 
Lhp2-2 Lhp2 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 9.i.2009 + - N/A 
Lhp2-3 Lhp2 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 9.i.2009 + - N/A 
Lhp2-4 Lhp2 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 9.i.2009 + - N/A 
Lhp2-5 Lhp2 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 9.i.2009 + - N/A 
Lhp2-6 Lhp2 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 9.i.2009 + - N/A 
Lhp2-7 Lhp2 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 9.i.2009 + - N/A 
Lhp2-8 Lhp2 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 9.i.2009 + - N/A 
Lhp5-1 Lhp5 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 11.i.2009 + - N/A 
Lhp5-2 Lhp5 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 11.i.2009 + - N/A 
Lhp5-3 Lhp5 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 11.i.2009 + - N/A 
Lhp5-4 Lhp5 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 11.i.2009 + - N/A 
Lhp5-5 Lhp5 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 11.i.2009 + - N/A 
Lhp5-6 Lhp5 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 11.i.2009 + - N/A 
Lhp5-7 Lhp5 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 11.i.2009 + - N/A 
Lhp5-8 Lhp5 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 11.i.2009 + - N/A 
Lhp7-1 Lhp7 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 11.i.2009 + - N/A 
Lhp7-2 Lhp7 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 11.i.2009 + - N/A 
Lhp7-3 Lhp7 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 11.i.2009 + - N/A 
Lhp7-4 Lhp7 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 11.i.2009 + - N/A 
Lhp7-5 Lhp7 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 11.i.2009 + - N/A 
Lhp7-6 Lhp7 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 11.i.2009 + - N/A 
Lhp7-7 Lhp7 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 11.i.2009 + - N/A 
Lhp7-8 Lhp7 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 11.i.2009 + - N/A 
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Table S4-1 (continued) 
DNA sample Colony Collection Locality Developmental stage Date AbdA screen 16S screen Relative 16S band intensity 
Lhp10-1 Lhp10 Argentina:Chaco,Bermejo,Isla del Cerrito worker 20.i.2009 + - N/A 
Lhp10-2 Lhp10 Argentina:Chaco,Bermejo,Isla del Cerrito worker 20.i.2009 + - N/A 
Lhp10-3 Lhp10 Argentina:Chaco,Bermejo,Isla del Cerrito worker 20.i.2009 + + 2.235876381 
Lhp10-4 Lhp10 Argentina:Chaco,Bermejo,Isla del Cerrito worker 20.i.2009 + - N/A 
Lhp10-5 Lhp10 Argentina:Chaco,Bermejo,Isla del Cerrito worker 20.i.2009 + + 2.569043616 
Lhp10-6 Lhp10 Argentina:Chaco,Bermejo,Isla del Cerrito worker 20.i.2009 + + 1.711078852 
Lhp10-7 Lhp10 Argentina:Chaco,Bermejo,Isla del Cerrito worker 20.i.2009 + + 2.021102474 
Lhp10-8 Lhp10 Argentina:Chaco,Bermejo,Isla del Cerrito worker 20.i.2009 + - N/A 
Lhp10-9 Lhp10 Argentina:Chaco,Bermejo,Isla del Cerrito worker 20.i.2009 + - N/A 
Lhp10-10 Lhp10 Argentina:Chaco,Bermejo,Isla del Cerrito worker 20.i.2009 + + 0.440013944 
Lhp10-11 Lhp10 Argentina:Chaco,Bermejo,Isla del Cerrito worker 20.i.2009 + - N/A 
Lhp11-1 Lhp11 Argentina:Chaco,Bermejo,Isla del Cerrito worker 20.i.2009 + - N/A 
Lhp11-2 Lhp11 Argentina:Chaco,Bermejo,Isla del Cerrito worker 20.i.2009 + - N/A 
Lhp11-3 Lhp11 Argentina:Chaco,Bermejo,Isla del Cerrito worker 20.i.2009 + - N/A 
Lhp11-4 Lhp11 Argentina:Chaco,Bermejo,Isla del Cerrito worker 20.i.2009 + - N/A 
Lhp11-5 Lhp11 Argentina:Chaco,Bermejo,Isla del Cerrito worker 20.i.2009 + - N/A 
Lhp11-6 Lhp11 Argentina:Chaco,Bermejo,Isla del Cerrito worker 20.i.2009 + - N/A 
Lhp11-7 Lhp11 Argentina:Chaco,Bermejo,Isla del Cerrito worker 20.i.2009 + - N/A 
Lhp11-8 Lhp11 Argentina:Chaco,Bermejo,Isla del Cerrito worker 20.i.2009 + - N/A 
Lhp12-1 Lhp12 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + - N/A 
Lhp12-2 Lhp12 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + - N/A 
Lhp12-3 Lhp12 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + - N/A 
Lhp12-4 Lhp12 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + + 1.977694547 
Lhp12-5 Lhp12 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + - N/A 
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Table S4-1 (continued) 
DNA sample Colony Collection Locality Developmental stage Date AbdA screen 16S screen Relative 16S band intensity 
Lhp12-6 Lhp12 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + - N/A 
Lhp12-7 Lhp12 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + + 2.123322996 
Lhp12-8 Lhp12 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + - N/A 
Lhp12-9 Lhp12 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + + 1.701926381 
Lhp12-10 Lhp12 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + + 3.385863783 
Lhp12-11 Lhp12 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + + 0.323423179 
Lhp13-1 Lhp13 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + - N/A 
Lhp13-2 Lhp13 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + - N/A 
Lhp13-3 Lhp13 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + - N/A 
Lhp13-4 Lhp13 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + - N/A 
Lhp13-5 Lhp13 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 
 
- N/A 
Lhp13-6 Lhp13 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + - N/A 
Lhp13-7 Lhp13 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + - N/A 
Lhp13-8 Lhp13 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + - N/A 
Lhp14-1 Lhp14 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + - N/A 
Lhp14-2 Lhp14 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + - N/A 
Lhp14-3 Lhp14 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + - N/A 
Lhp14-4 Lhp14 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + - N/A 
Lhp14-5 Lhp14 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + - N/A 
Lhp14-6 Lhp14 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + - N/A 
Lhp14-7 Lhp14 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + - N/A 
Lhp14-8 Lhp14 Argentina:Chaco,Bermejo,Isla del Cerrito worker 21.i.2009 + - N/A 
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Table S4-1 (continued) 
 
DNA sample Colony Collection Locality Developmental stage Date AbdA screen 16S screen Relative 16S band intensity 
586-1 586 
Argentina:Buenos Aires,R.N. Otamende,R.N. 
Otamende 
worker 15.xii.1997 + - N/A 
586-2 586 
Argentina:Buenos Aires,R.N. Otamende,R.N. 
Otamende 
worker 15.xii.1997 + - N/A 
586-3 586 
Argentina:Buenos Aires,R.N. Otamende,R.N. 
Otamende 
worker 15.xii.1997 + - N/A 
587-1 587 
Argentina:Buenos Aires,R.N. Otamende,R.N. 
Otamende 
worker 14.xii.1997 + - N/A 
587-2 587 
Argentina:Buenos Aires,R.N. Otamende,R.N. 
Otamende 
worker 14.xii.1997 + - N/A 
587-3 587 
Argentina:Buenos Aires,R.N. Otamende,R.N. 
Otamende 
worker 14.xii.1997 + - N/A 
681-1 681 
Argentina:Buenos Aires,Buenos Aires,R.E. 
Costanera Sur 
worker 20.xii.1997 + - N/A 
681-2 681 
Argentina:Buenos Aires,Buenos Aires,R.E. 
Costanera Sur 
worker 20.xii.1997 + - N/A 
681-3 681 
Argentina:Buenos Aires,Buenos Aires,R.E. 
Costanera Sur 
worker 20.xii.1997 + - N/A 
760-1 760 
Argentina:Entre Rios,P.N. El Palmar,river by 
visitor center 
worker 7.ii.1999 + - N/A 
760-2 760 
Argentina:Entre Rios,P.N. El Palmar,river by 
visitor center 
worker 7.ii.1999 + + 1.08382448 
760-3 760 
Argentina:Entre Rios,P.N. El Palmar,river by 
visitor center 
worker 7.ii.1999 + + 0.446532299 
770-1 770 Argentina:Corrientes,Port Alvear,Port Alvear worker 5.ii.1999 + - N/A 
770-2 770 Argentina:Corrientes,Port Alvear,Port Alvear worker 5.ii.1999 + - N/A 
770-3 770 Argentina:Corrientes,Port Alvear,Port Alvear worker 5.ii.1999 + - N/A 
771-1 771 Argentina:Corrientes,Port Alvear,Port Alvear worker 5.ii.1999 + - N/A 
771-2 771 Argentina:Corrientes,Port Alvear,Port Alvear worker 5.ii.1999 + - N/A 
771-3 771 Argentina:Corrientes,Port Alvear,Port Alvear worker 5.ii.1999 + + 0.41274029 
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Table S4-1 (continued) 
 
DNA sample Colony Collection Locality Developmental stage Date AbdA screen 16S screen Relative 16S band intensity 
772-1 772 Argentina:Entre Rios,Port Ibicuy,Port Ibicuy worker 16.ii.1999 + - N/A 
772-2 772 Argentina:Entre Rios,Port Ibicuy,Port Ibicuy worker 16.ii.1999 + - N/A 
772-3 772 Argentina:Entre Rios,Port Ibicuy,Port Ibicuy worker 16.ii.1999 + + 0.437101926 
773-1 773 Argentina:Entre Rios,Port Ibicuy,Port Ibicuy worker 16.ii.1999 + - N/A 
773-2 773 Argentina:Entre Rios,Port Ibicuy,Port Ibicuy worker 16.ii.1999 + - N/A 
774-1 774 Argentina:Entre Rios,Port Ibicuy,Port Ibicuy worker 16.ii.1999 + - N/A 
774-2 774 Argentina:Entre Rios,Port Ibicuy,Port Ibicuy worker 16.ii.1999 - - N/A 
774-3 774 Argentina:Entre Rios,Port Ibicuy,Port Ibicuy worker 16.ii.1999 + + 0.746131253 
776-1 776 Argentina:Corrientes,Alvear,Alvear, hotel worker 5.ii.1999 + - N/A 
776-2 776 Argentina:Corrientes,Alvear,Alvear, hotel worker 5.ii.1999 + - N/A 
776-3 776 Argentina:Corrientes,Alvear,Alvear, hotel worker 5.ii.1999 + - N/A 
777-1 777 Argentina:Entre Rios,Port Ibicuy,Port Ibicuy worker 16.ii.1999 + - N/A 
777-2 777 Argentina:Entre Rios,Port Ibicuy,Port Ibicuy worker 16.ii.1999 + - N/A 
777-3 777 Argentina:Entre Rios,Port Ibicuy,Port Ibicuy worker 16.ii.1999 + - N/A 
778-1 778 Argentina:Entre Rios,Port Ibicuy,Port Ibicuy worker 16.ii.1999 + - N/A 
778-2 778 Argentina:Entre Rios,Port Ibicuy,Port Ibicuy worker 16.ii.1999 + - N/A 
778-3 778 Argentina:Entre Rios,Port Ibicuy,Port Ibicuy worker 16.ii.1999 + + 0.559286086 
779-1 779 Argentina:Entre Rios,Port Ibicuy,Port Ibicuy worker 16.ii.1999 + - N/A 
779-2 779 Argentina:Entre Rios,Port Ibicuy,Port Ibicuy worker 16.ii.1999 + + 1.869613857 
779-3 779 Argentina:Entre Rios,Port Ibicuy,Port Ibicuy worker 16.ii.1999 + + 0.319100217 
816-1 816 Argentina:Missiones,Ita Ibate,Ita Ibate worker 31.i.1999 + - N/A 
816-2 816 Argentina:Missiones,Ita Ibate,Ita Ibate worker 31.i.1999 + - N/A 
816-3 816 Argentina:Missiones,Ita Ibate,Ita Ibate worker 31.i.1999 + + 0.407077439 
  
2
1
0
 
Table S4-1 (continued) 
DNA sample Colony Collection Locality Developmental stage Date AbdA screen 16S screen Relative 16S band intensity 
820-1 820 Argentina:Missiones,Ita Ibate,Ita Ibate worker 31.i.1999 + - N/A 
820-2 820 Argentina:Missiones,Ita Ibate,Ita Ibate worker 31.i.1999 + - N/A 
820-3 820 Argentina:Missiones,Ita Ibate,Ita Ibate worker 31.i.1999 + + 0.557022488 
846-1 846 Argentina:Entre Rios,P.N. Pre Delta,Pre Delta worker 26.i.1999 + - N/A 
846-2 846 Argentina:Entre Rios,P.N. Pre Delta,Pre Delta worker 26.i.1999 + - N/A 
846-3 846 Argentina:Entre Rios,P.N. Pre Delta,Pre Delta worker 26.i.1999 + - N/A 
847-1 847 Argentina:Entre Rios,P.N. Pre Delta,Pre Delta worker 26.i.1999 + - N/A 
847-2 847 Argentina:Entre Rios,P.N. Pre Delta,Pre Delta worker 26.i.1999 + - N/A 
847-3 847 Argentina:Entre Rios,P.N. Pre Delta,Pre Delta worker 26.i.1999 + - N/A 
848-1 848 Argentina:Entre Rios,P.N. Pre Delta,Pre Delta worker 26.i.1999 + - N/A 
848-2 848 Argentina:Entre Rios,P.N. Pre Delta,Pre Delta worker 26.i.1999 + - N/A 
848-3 848 Argentina:Entre Rios,P.N. Pre Delta,Pre Delta worker 26.i.1999 + - N/A 
849-1 849 Argentina:Entre Rios,P.N. Pre Delta,Pre Delta worker 26.i.1999 + - N/A 
849-2 849 Argentina:Entre Rios,P.N. Pre Delta,Pre Delta worker 26.i.1999 + - N/A 
849-3 849 Argentina:Entre Rios,P.N. Pre Delta,Pre Delta worker 26.i.1999 + - N/A 
850-1 850 Argentina:Entre Rios,P.N. Pre Delta,Pre Delta worker 26.i.1999 + - N/A 
850-2 850 Argentina:Entre Rios,P.N. Pre Delta,Pre Delta worker 26.i.1999 + - N/A 
850-3 850 Argentina:Entre Rios,P.N. Pre Delta,Pre Delta worker 26.i.1999 + - N/A 
851-1 851 Argentina:Entre Rios,P.N. Pre Delta,Pre Delta worker 26.i.1999 + - N/A 
851-2 851 Argentina:Entre Rios,P.N. Pre Delta,Pre Delta worker 26.i.1999 + - N/A 
851-3 851 Argentina:Entre Rios,P.N. Pre Delta,Pre Delta worker 26.i.1999 + + 0.392086791 
852-1 852 Argentina:Entre Rios,P.N. Pre Delta,Pre Delta worker 26.i.1999 + - N/A 
852-2 852 Argentina:Entre Rios,P.N. Pre Delta,Pre Delta worker 26.i.1999 + - N/A 
852-3 852 Argentina:Entre Rios,P.N. Pre Delta,Pre Delta worker 26.i.1999 + + 0.561356873 
 
  
2
1
1
 
Table S4-1 (continued) 
 
DNA sample Colony Collection Locality Developmental stage Date AbdA screen 16S screen Relative 16S band intensity 
856-1 856 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 29.i.1999 - - N/A 
856-2 856 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 29.i.1999 + - N/A 
856-3 856 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 29.i.1999 + - N/A 
1647-1 1647 
Argentina:Buenos Aires,Buenos Aires,R.E. 
Costanera Sur 
worker 30.i.2002 + - N/A 
1647-2 1647 
Argentina:Buenos Aires,Buenos Aires,R.E. 
Costanera Sur 
worker 30.i.2002 + - N/A 
1647-3 1647 
Argentina:Buenos Aires,Buenos Aires,R.E. 
Costanera Sur 
worker 30.i.2002 - - N/A 
2160-1 2160 
Argentina:Buenos Aires,R.N. 
Otamendi,Otamendi 
worker 13.xi.2003 + + 0.269714235 
2160-2 2160 
Argentina:Buenos Aires,R.N. 
Otamendi,Otamendi 
worker 13.xi.2003 + + 1.973049423 
2160-Q1 2160 
Argentina:Buenos Aires,R.N. 
Otamendi,Otamendi 
worker 13.xi.2003 + - #N/A 
2160-Q2 2160 
Argentina:Buenos Aires,R.N. 
Otamendi,Otamendi 
worker 13.xi.2003 + - N/A 
2160-Q3 2160 
Argentina:Buenos Aires,R.N. 
Otamendi,Otamendi 
worker 13.xi.2003 + + 0.609605059 
2160-Q4 2160 
Argentina:Buenos Aires,R.N. 
Otamendi,Otamendi 
worker 13.xi.2003 + + 0.675107492 
2259-1 2259 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 19.xi.2003 + - N/A 
2259-2 2259 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 19.xi.2003 + - N/A 
2259-3 2259 Argentina:Santa Fe,Ocampo,Porto Ocampo worker 19.xi.2003 + + 0.791630729 
2265-1 2265 Argentina:Santa Fe,Ocampo,Ocampo worker 21.xi.2003 + - N/A 
2265-2 2265 Argentina:Santa Fe,Ocampo,Ocampo worker 21.xi.2003 + - N/A 
2265-3 2265 Argentina:Santa Fe,Ocampo,Ocampo worker 21.xi.2003 + + 3.096386084 
 
 
  
2
1
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Table S4-1 (continued) 
 
DNA sample Colony Collection Locality Developmental stage Date AbdA screen 16S screen Relative 16S band intensity 
2285-1 2285 Argentina:Formosa,Herradura,Herradura worker 24.xi.2003 + - N/A 
2285-2 2285 Argentina:Formosa,Herradura,Herradura worker 24.xi.2003 - - N/A 
2285-3 2285 Argentina:Formosa,Herradura,Herradura worker 24.xi.2003 + + 0.505549736 
2285-Q 2285 Argentina:Formosa,Herradura,Herradura worker 24.xi.2003 + + 0.725529812 
2298-1 2298 Argentina:Formosa,Herradura,Herradura worker 25.xi.2003 + - N/A 
2298-2 2298 Argentina:Formosa,Herradura,Herradura worker 25.xi.2003 + + 0.729368789 
2298-3 2298 Argentina:Formosa,Herradura,Herradura worker 25.xi.2003 + + 0.450334527 
2312-1 2312 Argentina:Formosa,Herradura,Herradura worker 27.xi.2003 + - N/A 
2312-2 2312 Argentina:Formosa,Herradura,Herradura worker 27.xi.2003 + - N/A 
2312-3 2312 Argentina:Formosa,Herradura,Herradura worker 27.xi.2003 + + 0.465105757 
2314-1 2314 Argentina:Formosa,Herradura,Herradura worker 27.xi.2003 - - N/A 
2314-2 2314 Argentina:Formosa,Herradura,Herradura worker 27.xi.2003 + - N/A 
2314-3 2314 Argentina:Formosa,Herradura,Herradura worker 27.xi.2003 + + 0.477414794 
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Table S4-1 (continued) 
DNA 
sample 
Source 
Colony 
Collection locality 
Developmental 
stage 
Date 
Diet Treatment - 
P:C (concentration) 
Day 
AbdA 
screen 
16S 
screen 
Relative 16S band 
intensity 
I-L1 
Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros worker 12.vii.2011 
NO  0 + + 2.1383507 
I-L2 
Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros worker 12.vii.2011 
NO  0 + + 0.4922643 
I-L3 
Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros worker 12.vii.2011 
NO  0 + + 0.6354615 
I-L4 
Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros worker 12.vii.2011 
NO  0 + + 0.7521308 
I-L5 
Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros worker 12.vii.2011 
NO  0 + - N/A 
I-L6 
Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros worker 12.vii.2011 
NO  0 + - N/A 
I-L7 
Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros worker 12.vii.2011 
NO  0 + + 1.7183732 
I-L8 
Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros worker 12.vii.2011 
NO  0 + - N/A 
44/20-1 Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
worker 12.vii.2011 1:6 (100) 20 + + 0.3104635 
44/20-2 Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
worker 12.vii.2011 1:6 (100) 20 + + 3.0822001 
44/20-3 Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
worker 12.vii.2011 1:6 (100) 20 + + 3.099484 
44/20-4 Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
worker 12.vii.2011 1:6 (100) 20 + + 2.7805399 
44/20-5 Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
worker 12.vii.2011 1:6 (100) 20 + + 2.9334652 
44/20-6 Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
worker 12.vii.2011 1:6 (100) 20 + + 2.7597174 
48/20-1 Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
worker 12.vii.2011 6:1 (100) 20 + + 1.5249985 
48/20-2 Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
worker 12.vii.2011 6:1 (100) 20 + + 1.1109905 
48/20-3 Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
worker 12.vii.2011 6:1 (100) 20 + + 3.4185897 
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Table S4-1 (continued) 
 
DNA 
sample 
Source 
Colony 
Collection locality 
Developmental 
stage 
Date 
Diet Treatment - 
P:C (concentration) 
Day 
AbdA 
screen 
16S 
screen 
Relative 16S band 
intensity 
48/20-4 Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
worker 12.vii.2011 6:1 (100) 20 + + 2.1887494 
48/20-5 Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
worker 12.vii.2011 6:1 (100) 20 + + 0.6771437 
48/20-6 Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
worker 12.vii.2011 6:1 (100) 20 + + 3.461823 
44/40-1 Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
worker 12.vii.2011 1:6 (100) 40 + + 2.4518278 
44/40-2 Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
worker 12.vii.2011 1:6 (100) 40 + + 0.6737441 
44/40-3 Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
worker 12.vii.2011 1:6 (100) 40 + - N/A 
44/40-4 Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
worker 12.vii.2011 1:6 (100) 40 + - N/A 
44/40-5 Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
worker 12.vii.2011 1:6 (100) 40 + - N/A 
44/40-6 Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
worker 12.vii.2011 1:6 (100) 40 + - N/A 
48/40-1 Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
worker 12.vii.2011 6:1 (100) 40 + + 2.8850611 
48/40-2 Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
worker 12.vii.2011 6:1 (100) 40 + + 3.3522897 
48/40-3 Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
worker 12.vii.2011 6:1 (100) 40 + - N/A 
48/40-4 Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
worker 12.vii.2011 6:1 (100) 40 + + 0.8573054 
48/40-5 Los Higueros 
USA:CA,San Diego Co,Carmel 
Creek at Interstate 5,Los Higueros 
worker 12.vii.2011 6:1 (100) 40 + + 0.5707384 
48/40-6 Los Higueros 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 12.vii.2011 6:1 (100) 40 + - N/A 
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Table S4-1 (continued) 
 
DNA 
sample 
Source 
Colony 
Collection locality 
Developmental 
stage 
Date 
Diet Treatment - 
P:C (concentration) 
Day 
AbdA 
screen 
16S 
screen 
Relative 16S band 
intensity 
I-M1 
Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast worker 8.viii.2011 
NO  0 + - N/A 
I-M2 
Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast worker 8.viii.2011 
NO  0 + - N/A 
I-M3 
Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast worker 8.viii.2011 
NO  0 + - N/A 
I-M4 
Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast worker 8.viii.2011 
NO  0 + - N/A 
I-M5 
Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast worker 8.viii.2011 
NO  0 + + 0.5688356 
I-M6 
Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast worker 8.viii.2011 
NO  0 + + 0.5378139 
I-M7 
Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast worker 8.viii.2011 
NO  0 + - N/A 
I-M8 
Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast worker 8.viii.2011 
NO  0 + + 0.7595602 
51/40-1 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 6:1 (100) 20 + - N/A 
51/40-2 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 6:1 (100) 20 + + 3.5210559 
51/40-3 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 6:1 (100) 20 + + 0.5305186 
51/40-4 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 6:1 (100) 20 + + 2.9816249 
51/40-5 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 6:1 (100) 20 + - N/A 
51/40-6 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 6:1 (100) 20 + - N/A 
51/40-7 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 6:1 (100) 20 + - N/A 
51/40-8 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 6:1 (100) 20 + - N/A 
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Table S4-1 (continued) 
 
DNA 
sample 
Source 
Colony 
Collection locality 
Developmental 
stage 
Date 
Diet Treatment - 
P:C (concentration) 
Day 
AbdA 
screen 
16S 
screen 
Relative 16S band 
intensity 
53/40-1 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 1:6 (100) 20 + + 1.190053 
53/40-2 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 1:6 (100) 20 + + 0.708618 
53/40-3 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 1:6 (100) 20 + - N/A 
53/40-4 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 1:6 (100) 20 + + 0.7332931 
53/40-5 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 1:6 (100) 20 + + 2.5791046 
53/40-6 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 1:6 (100) 20 + - N/A 
53/40-7 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 1:6 (100) 20 + - N/A 
53/40-8 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 1:6 (100) 20 + + 2.0462943 
51/20-1 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 6:1 (100) 40 + + 0.5876884 
51/20-2 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 6:1 (100) 40 + + 0.6645446 
51/20-3 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 6:1 (100) 40 + + 3.8646026 
51/20-4 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 6:1 (100) 40 + - N/A 
51/20-5 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 6:1 (100) 40 + + 4.2199241 
51/20-6 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 6:1 (100) 40 + + 4.323631 
51/20-7 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 6:1 (100) 40 + + 0.580334 
51/20-8 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 6:1 (100) 40 + + 2.5833917 
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Table S4-1 (continued) 
 
DNA 
sample 
Source 
Colony 
Collection locality 
Developmental 
stage 
Date 
Diet Treatment - 
P:C (concentration) 
Day 
AbdA 
screen 
16S 
screen 
Relative 16S band 
intensity 
53/20-1 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 1:6 (100) 40 + - N/A 
53/20-2 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 1:6 (100) 40 + + 2.0440833 
53/20-3 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 1:6 (100) 40 + + 3.8211277 
53/20-4 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 1:6 (100) 40 + + 2.3021448 
53/20-5 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 1:6 (100) 40 + + 3.9551304 
53/20-6 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 1:6 (100) 40 + + 4.5837696 
53/20-7 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 1:6 (100) 40 + + 2.8935933 
53/20-8 Mast 
USA:CA,San Diego Co,Mast Park, 
Santee,Mast 
worker 8.viii.2011 1:6 (100) 40 + + 4.0932744 
 
 
 
 
 
 
 
 
 
 
218 
 
 
Table S4-2 Diet recipe for dietary manipulation experiment 
 
P:C ratio 6:1 1:6 
Dilution (g/L) 100.00 100.00 
Final volume (ml ) 100 100 
Dried egg powder (g) 3.00 3.00 
Whey protein (g) 4.51 0.01 
Calcium Caseinate (g) 4.14 0.01 
Sucrose (g)  0.98 8.51 
Agar (g) 1.30 1.30 
Vanderzant vitamin mixture (g) 0.27 0.27 
Methyl 4-hydroxybenzoate (g) 0.13 0.13 
Total dry mass 14.02 12.93 
Total protein 8.58 1.43 
Total carbohydrate 1.43 8.57 
protein (% of dry mass) 0.61 0.11 
carbohydrate (% of dry mass) 0.10 0.66 
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Table S4-3 Bacterial OTUs with varying abundance in Argentine ants fed on diets with different Protein:Carbohydrate ratios. 
 
Colony Los Higueros 
OTU P 
FDR 
adjusted 
P value 
Bonferroni 
adjusted P 
value 
Argentine ants fed 
on diets with 1:6 
protein:carbohydrate 
Argentine ants fed 
on diets with 6:1 
protein:carbohydrate 
Bacterial order 
Otu0003 0.00013 0.01436 0.014362 0.743062825 0.004202242 Rhodospirillales 
Otu0004 0.06385 0.36844 1 0.004939612 0.448064743 Enterobacteriales 
Colony Mast 
OTU P 
FDR 
adjusted 
P value 
Bonferroni 
adjusted P 
value 
Argentine ants fed 
on diets with 1:6 
protein:carbohydrate 
Argentine ants fed 
on diets with 6:1 
protein:carbohydrate 
Bacterial order 
Otu0004 0.00168 0.06715 0.06715 0.000372785 0.655152847 Enterobacteriales 
Otu0003 0.02020 0.40400 0.80800 0.703601566 0.201574365 Rhodospirillales 
 
Table S4-4 Calinski-Harabasz index for different number of partitions 
 
cluster number 1 2 3 4 5 6 7 8 9 10 
CH Index NA 0.699 0.975 0.998 0.991 0.993 0.992 0.993 0.996 0.998 
cluster number 11 12 13 14 15 16 17 18 19 20 
CH Index 0.958 0.961 0.963 0.966 0.968 0.969 0.973 0.964 0.968 0.970 
 
 
  
2
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Table S4-5 Statistical results for selection of indicator OTUs 
 
OTU ID cluster indicator_value probability 
Otu0002 1 0.9655 0.001 
Otu0003 2 0.9421 0.001 
Otu0004 3 0.9969 0.001 
Otu0037 3 0.3333 0.002 
Otu0543 3 0.2222 0.009 
Otu0363 3 0.2222 0.015 
Otu0024 3 0.2055 0.015 
Otu0078 3 0.2001 0.044 
Otu0023 3 0.1966 0.032 
Otu0039 3 0.1803 0.037 
Otu0007 4 0.9999 0.001 
Otu0036 4 0.1774 0.041 
Otu0190 4 0.1429 0.03 
Otu0481 4 0.1429 0.03 
Otu0411 4 0.1429 0.044 
Otu0148 4 0.1429 0.047 
Otu0428 4 0.1429 0.044 
Otu0230 4 0.1429 0.048 
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